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FOREWORD 


As has been repeated many times, the solar cell has been an indispensible 
element of the U.S. space program. The development of the silicon solar cell 
into an efficient, reliable, and commercially available device has made our 
many accomplishments in space possible. Not only has the silicon cell been 
the workhorse power source for satellites, it is now also a leading candidate 
for generating solar-electric power on the ground. Looking to the future, to 
the proposed space platform, one sees that the job of photovoltaic power 
generation is far from over and that the need for high efficiency, long lived, 
inexpensive photovoltaic devices is stronger than ever. 

This meeting, the fifth of its kind, was intended to be a direction- 
setting forum where each invited expert was expected to express his or her 
judgement to (1) help set suitable goals for space solar cell research and 
development, (2) define the barriers preventing the attainment of these goals, 
and (3) bring to the surface the most viable approaches to overcome these 
obstacles. 

This was a working meeting where strong emphasis was placed on the 
exchange and discussion of ideas and opinions against a background of 
technical presentations. The atmosphere was informal, yet structured, and 
individual interaction was encouraged. 

The discussions at this meeting, as in the past, were focused on five 
areas. These areas and the individuals who generally accepted the 
responsibility of managing them are 

Silicon research and technology, Andrew Meulenbeerg, COMSAT Laboratories 

Advanced devices, Peter Borden, Varian Associates 

Gallium arsenide solar cells, Edmund Conway, NASA Langley 

Radiation damage, Irving Weinberg, NASA Lewis 

Blanket technology, John Scott-Monck, Jet Propulsion Laboratory 

An oral report from workshops in each of these areas was presented and 
discussed in a plenary session. Written summaries of the workshop conclusions 
prepared by the workshop chairmen are included in these proceedings. 

The coordinated efforts of Victor Weizer, Cosmo Baraona, George Mazaris, 
and Shirley Livingston were responsible for the successful organization and 
conduct of this meeting. 


Henry Brandhorst 

NASA Lewis Research Center 


Conference chairman 
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NASA-OAST PROGRAM IN PHOTOVOLTAIC ENERGY CONVERSION 


Jerome P. Muliin and Dennis J, Flood 
National Aeronautics and Space Administration 
Washington, D.C. 


ABSTRACT 


The NASA program in photovoltaic energy conversion includes re- 
search and technology development efforts on solar cells, blankets, 
and arrays. The overall objectives are to increase conversion 
efficiency, reduce mass, reduce cost, and increase operating life. 
The potential growth of space power requirements in the future pre- 
sents a major challenge to the current state of technology in space 
photovoltaic systems. 


INTRODUCTION 


The OAST Office of Space Energy Conversion, formerly Space Power 
and Electric Propulsion, supports, guides, and directs programs to 
provide a power technology base that enables and/or enhances current 
and future activities in space exploration and utilization (figure 1) . 
Within the Office of Space Energy Conversion, the Photovoltaic Energy 
Conversion program has the specific objective to improve conversion 
efficiency, reduce mass, reduce cost, and increase the operating life 
of photovoltaic converters and arrays. The program seeks to do so by 
developing and applying an improved understanding of photovoltaic 
energy conversion, and evaluating a broad range of advanced concepts 
for reducing cost and mass of photovoltaic systems. 


PHOTOVOLTAIC ENERGY CONVERSION PROGRAM 


Major thrusts of the program fall into three areas: (1) device 

research and technology; (2) low cost blanket and array technology; 
and (3) high performance blanket and array technology. Activities 
in device R&T include fundamental studies of radiation damage and 
annealing; development of high specific power cells; identification 
and demonstration of low cost technologies in cell fabrication; re- 
search on advanced devices such as the multiple bandgap cascade solar 
cell and surface plasmon converter; and finally, research on several 
types of concentrator devices such as spectro- and thermophotovoltaic 
converters. Low cost blanket and array activities include fundamen- 
tal studies of solar cell interconnect welding, large area silicon 
solar cell development and a variety of planar and concentrator array 
approaches. High performance B&A work is at present focussed on 
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demonstrating reliable, space-qualifiable lightweight blanket and 
array technologies using the OAST 2-mil thin silicon cell. As future 
high performance, ultralight cells are developed, activities in this 
area are expected to evolve to incorporate them. 


TECHNOLOGY CHALLENGES 


Figure 2 is a summary of improvements in array specific power 
achieved over the history of the space program. Advances in array 
and blanket technology are presently under investigation which have 
the potential to enable array specific powers in excess of 150 W/Kg 
in the near term. A second goal within sight is demonstration of 
critical technology advances needed for 300 W/Kg array technology. 
Further advances are quite likely in the more distant future. 

The trend in array specific cost over the past 20 years is shown 
in figure 3. It would appear that significant advances in cost- 
reducing technology must occur if the order of magnitude cost re- 
duction goal is to be reached. The decreases in specific cost ob- 
served so far have resulted primarily from increases in array size 
during that period of time. Based on current estimates of the SEPS 
array specific cost, the NASA goal appears very ambitious. However, 
both increases in size and the introduction of new technologies can 
reasonably be expected to aid the drive toward lower cost. A number 
of studies have verified this view and the program will continue to 
explore promising approaches such as the cassegrainian concentrator 
identified in one such study. 

Figure 4 shows the cumulative and annual amounts of photovoltaic 
power launched by NASA since the early 1960 's. With the exception of 
Skylab, the annual rate has been on the order of 2-4 kilowatts per 
year, and is not expected to change much until the advent of large 
space stations, when multi-tens of kilowatt arrays will be required. 
Following that, it is possible to imagine the routine launch into 
LEO and other orbits of large arrays for various NASA, commercial, 
and military applications. Such a scenario presents a major 
challenge to our current technology base. 


SUMMARY 


The NASA-OAST program in photovoltaic energy conversion is a 
well-focussed, yet broadly based program designed to provide techno- 
logical advances that enhance and/or enable current and future 
activities in space exploration and utilization. Significant im- 
provements have been achieved in cell performance and in blanket and 
array specific power and lifetime. Technologies directed at reducing 
cost for large arrays have been identified; technologies for achieving 
high performance are currently under investigation. The trend toward 
high power requirements presents a major challenge to the current 
status of technology development in space photovoltaics . 
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NEW SILICON CELL DESIGN CONCEPTS FOR >20 PERCENT AMI EFFICIENCY 


M. Wolf 

University of Pennsylvania 
Philadelphia, Pennsylvania 


SUMMARY 

The basic design principles for obtaining high efficiency in silicon solar cells 
are reviewed. They critically Involve very long minority carrier lifetimes, not so 
much to attain high collection efficiency, but primarily for increased output voltages. 
Minority carrier lifetime, however, is sensitive to radiation damage, and particularly 
in low resistivity silicon, on which the high efficiency design is based. Radiation 
resistant space cells will therefore have to follow differing design principles than 
high efficiency terrestrial cells. 


DESIGN VIEWPOINTS DERIVABLE FROM AN IDEALIZED CELL STRUCTURE 

In the simple solar cell structure, which consists only of one layer for each of 
the three regions (front, depletion, and base region)!), three light generated current 
components flow (one each from the three regions), which all need to be maximized for 
best collection efficiency. In addition, two injection current components flow in 
forward bias operation (one into the base and one into the front region) which need 
to be minimized to achieve high output voltages. Optimum performance for terrestrial 
applications or BOL space service is achieved when the surface recombination veloci- 
ties both at the front and at the back surfaces are zero (Fig. 1). Then the device 
design involves a trade-off between light generated and open circuit voltage, to 
attain maximum power output. This trade-off involves primarily the thickness of the 
base region. The optimum design also indicates impurity concentrations just at the 
onset of Auger recombination, equal in both the front and the base regions, when 
secondary, technology dependent effects, such as series resistance related losses, 
are dealt with separately. 

The consideration of the simple device structure shows that the basic device 
does not require the properties of an "emitter" for the front region, and that the 
open circuit voltage monotonously Increases with increasing minority carrier lifetime, 
while the collection efficiency essentially saturates as long recognized^) . To gain 
the highest possible performance, the highest technologically achievable minority 
carrier lifetime is thus needed. 

While, principally, improved open circuit voltages are expected from increasing 
dopant concentrations, the onset of direct, band-to-band Auger recombination sets a 
basic limit to this trend, 2) (Fig. 2), as does bandgap narrowing!). Thus, an optimum 
impurity concentration will be reached just before Auger recombination causes a down- 
turn of the power output with a further increase of the impurity concentration. In 
consequence of this observation, a high efficiency solar cell design should avoid 
very high doping concentrations at which the heavy doping effects have a significant 
influence on the device performance. There exist some doubts, however, on the 
currently accepted values of Auger recombination^) and bandgap narrowing!) in depen- 
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dence on the dopant concentration. After better information on these heavy doping 
effects has been attained, the solar cell design philosophies might change slightly. 

Both the maximum idealized efficiency and the dopant concentration at which this 
efficiency is obtained, (Fig. 3), depend on the minority carrier lifetime model chosen. 
The three models for the dependency of the minority carrier lifetime on dopant con- 
centration, on which the three efficiency curves of Fig. 3 are based, are shown in 
Fig. 4 . (Fig. 3 is based on a more detailed solar cell model outlined in the next 

section, but similar curves could have been obtained with the simple model) . 


REALISTIC STRUCTURES FOR HIGH EFFICIENCY TERRESTRIAL SOLAR CELLS 

After the considerations on the idealized structure, the question arises to what 
degree such high performance may be approximated in realistic cell structures? 

The first obstacle to zero surface recombination velocity on the back surface, 
appears to be the ohmic contact which represents a surface recombination velocity 
near 106 cm s“l. A suitable high/low junction structure with a third, more heavily 
doped base layer of significant thickness, can accomplish a transport velocity trans- 
formation from values near 10^ cm s“l down to 20 cm s~l at the interface between the 
narrow base layer and the high/low junction (Fig. 5). This is an adequately low 
value for close approximation of zero surface recombination velocity at the back of 
the base layer. ^ 

For the front, however, a similar approach is not appropriate, as the relatively 
thick third, more heavily doped layer would diminish the collection efficiency. How- 
ever, a structure as illustrated in Fig. 6 could form an appropriate remedy. Here, 
the third layer exists only under the ohmic contacts which are represented by the 
grid line and bus line pattern on the front surface of the cell. The light-exposed 
surface is located directly on the less heavily doped front layer. Its surface re- 
combination velocity, as it results from the fabrication processes applied, would 
normally be too high to allow adequately high performance. Particularly the influence 
on the saturation current which determines the open circuit voltage, would reduce 
performance. Thus, adequate means for reduction of the surface recombination velocity 
to values near 100 cm s~l on the open front surface will still be needed. Doped 
oxides or induced accumulation layers (MIS structures) may accomplish this result. 

MIS approaches can also be used to reduce the effect of the high surface recombination 
velocity of the ohmic contact, similar to the high/low junction- third layer combina- 
tion. 


Appropriately applying these measures in combination can achieve a performance 
comparable to that of the Idealized device of Fig. 1. It may be noted that, in the 
computation of the idealized efficiency data, a textured front surface (oblique 
photon penetration) and an internally optically reflecting back surface were in- 
cluded. Also, for a realistically achievable cell, including front surface shading 
by metallization, series resistance losses, a non-ideal antireflection coating, 
etc., the performance data have to be reduced to about 90% of the values given here. 
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CELL DESIGN FOR HIGH PERFORMANCE AFTER ENERGETIC PARTICLE EFFECTS 


The high solar cell performance discussed in the preceding paragraphs, is 
achievable only with very large diffusion lengths in both the front and the base 
regions of the device. In most space missions, however, the radiation environment 
rapidly reduces the minority carrier lifetime (Fig. 7) 7). The original curves 
(solid lines of Fig. 7) apply to solar cells of rather limited diffusion lengths, 
while the devices discussed in the preceding paragraphs would start with substantially 
longer values. However, they would follow the dashed curve under the influence of 
nuclear particle flux until their approximation to the original straight line. Thus, 
for 1 MeV electron equivalent nuclear radiation fluxes, at the fluence level of 10l5 
to 1()16 cm“2j no advantage would be derived from the original high diffusion lengths. 
In design computations for a solar cell structure corresponding to Fig. 6 , a para- 

metric study for the optimum base layer thickness as function of the minority carrier 
lifetime in the base was carried out (Fig. 8), yielding both the optimum base thick- 
ness and the maximum efficiency achievable for a given minority carrier lifetime. 

At a 1 MeV equivalent fluence of lO^^ cm“2^ the minority carrier lifetime would have 
d€icreased to 35 ns according to Fig. 7, and the corresponding efficiency would be 14% 
with a base layer thickness of 30 ym. 

It is evident that the design for optimum EOL (end of life) performance of sili- 
con solar cells will require very thin silicon wafers, but will still not be able to 
exceed a performance level near 14% (AMO). It should be noted that the prior compu- 
tations were carried out for optimum cell performance under AMI conditions. It will 
be necessary to carry out similar computations for an optimum performance at EOL under 
AMO. In fact, the 26.7% (AMI) efficient cell shows 23.9% efficiency for AMO (BOL) . 

While the terrestrial solar cell optimization was based on the use of low resis- 
tivity silicon, it is well known that this type of silicon is more radiation sensitive 
than higher resistivity material (Fig. 9). Thus, a radiation resistant design may 
include a trade-off towards the use of higher resistivity material. While the damage 
coefficient for diffusion length (Fig. 9) is reduced by approximately a factor of 3 
in going from Ifi cm (p = 1.5 x lO^^ cm~3) to lOfl cm resistivity (p = 1.3 x 10l5 cm“3) , 
the minority carrier mobility decreases from approximately 1000 to 750 cm2 v~ls~3, 
so that the effective change in the damage coefficient for minority carrier lifetime 
is only approximately 2.25. Nevertheless, this difference in minority carrier life- 
time damage coefficient will have a significant influence on the ultimate design of 
a radiation hardened, high performance silicon solar cell. 


CONCLUSION 

The principles of radiation resistant silicon solar cell design are opposing 
those of high efficiency design, particularly in the areas of selected resistivities 
and minority carrier lifetimes. An optimum EOL cell design needs still to be derived, 
but it is likely to be based on very thin silicon wavers. A disadvantage will be 
that the optimum EOL designs for different radiation environments will differ, and 
will be far from optimum at BOL. On the other hand, an optimum EOL design may not 
show much output degradation throughout its life. 
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Fig. 1. Simplified ideal solar cell structure with zero surface 
recombination velocity at the outside boundary surfaces 
of both front region and base region. 
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Fig. 2. Efficiency n of the idealized solar cell structure in dependence 
on the majority carrier concentration Cg in the base region. The 
nxomerals indicate the nominal front region thickness xj and the 
total cell thickness d, at which optimum performance is achieved. 
Used as a parameter is the ratio of the impurity concentrations in 
the front (Np) and base (Na) regions, respectively. 



NARROW BASE LAYER IMPURITY CONCENTRATION, (cm'^) 

Fig. 3, Dependence of the efficiency versus base layer impurity 
concentration relationship on the minority carrier 
lifetime model used. 
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Fig. 4. The three minority carrier lifetime models 
used for Fig. 3. For details, see ref. 6. 
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Fig. 6. Silicon solar cell structure for high efficiency. 



Fig. 7. Base region diffusion length L in lOS^ cm n/p Si solar cells as function 
of fluence for various energetic particles. From ref. 7. 
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Fig. 8. Efficiency as function of the thickness of the less heavily doped base 
layer, with minority carrier lifetime in this layer as parameter- The 
dashed curves do not permit the lifetime in the more heavily doped base 
layer (p"*" layer) to exceed that of the p-layer. All other parameters 
kept constant. 



Fig. 9. Dependence of the damage coefficient 
for diffusion length on electron 
energy and base region reslsitivity. 
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SURFACE EFFECTS IN HIGH-VOLTAGE SILICON SOLAR CELLS* 


A. Meulenberg, Or., and R.A. Arndt 
COMSAT Laboratories 
Clarksburg, Maryland 


EXTENDED ABSTRACT** 

The influence of surface recombination velocity (SRV) on emitter dark cur- 
rent, and therfore on cell open-circuit voltage Voc» has necessitated the use 
of low area "dot" contacts to reduce a major source of this dark current (ref. 1). 
Once the contact area is reduced sufficiently (or MIS contacts used to reduce 
SRV at the contacts), the major source of dark current from the emitter of a 
shallow junction solar cell is the oxide-silicon interface itself. (Heavy dop- 
ing effects influence all cells, and Auger recombination is the major problem 
in deep junction solar cells.) Recombination and generation of carriers at 
this interface will influence both the blue response and the Vqc of such a 
cell, and therefore must be reduced as much as possible. 

The SRV of a solar cell is increased and the blue response decreased by 
defect sites near the interface and by electric fields which draw minority car- 
riers to the interface. The SRV contribution Lo the emitter dark current is 
also increased by heavy doping effects which create bandgap narrowing, even in 
the vicinity of the interface. 

A series of experiments was performed in a attempt to reduce the surface 
recombination velocity of heavily doped silicon surfaces. Most of the effort 
involved diffused n'*’p structures, but a comparison was also made with low 
doped MIS structures. 

Antireflecting coatings deposited directly on a silicon surface provide 
poor interface characteristics so that passivating oxide generally needs to be 
grown prior to application of the AR coating. Solar cell processing at COMSAT 
Laboratories has traditionally used thermal oxidation of tantalum metal to form 
the AR coating and to passivate the surface simultaneously (ref. 2). During 
the early studies on this material, it was discovered by C-V techniques that 
significant negative charge was created and trapped in the Ta 20 g during the 
oxidation process (ref. 3). Cells fabricated in the early portion of this ef- 
fort utilized this process without alteration. 

To improve the traditional AR coating, it was found that application of 
positive static charge (ref. 4) to the front of the AR coating did not alter 
the cell characteristics. However, when the AR coating was subjected to a 
750° C, 30-minute oxidation prior to forming the contact, the cell became quite 
sensitive to such surface charge. Figure 1 indicates the influence of positive 
charge on shallow junction solar cell I-V characteristics. Cells with junc- 
tions as deep as 1/5 ym have displayed similar effects. As expected, the more 


*This paper is based upon work performed at COMSAT Laboratories under the 
sponsorship of the Communications Satellite Corporation and supported in part 
by NASA Lewis under Contract NAS3-22217. 

**Full text to appear in the 16th Photovoltaic Specialists Conference, San 
Diego, CA, September, 1982. 
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heavily doped surfaces showed the least response to charge. The oxidation step 
must either reduce or compensate the charge in the TA^Or or it must remove 
defect sites that pin the Fermi level locally at the interface. This oxidation 
step adds about 5 mV to the averge open-circuit voltage even with no surface 
charge. 

MIS cells have been fabricated (fig. 2) that exhibited dark currents lower 
than those in 650-mV, diffused cells. ^ The implication is that the SRV of 
the MIS structure is lower than that of diffused cells and/or that the inver- 
sion layer is better than the diffused layer. A third possibility is that 
simple oxidation of a heavily doped and/or diffused layer cannot provide a 
well-passivated surface. 

Major conclusions of this study are as follows: 

a. Surface recombination velocity is the major limitation of shallow 
junction solar cells. 

b. Proper surface passivation allows significant influence on blue 
response and Vqc by use of static charge applied to the surface. 

c. Surface passivation of heavily diffused surfaces does not appear to 
break an apparent \Iqc barrier for diffused cells at ~655 mV. 

d. MIS structures have shown greater potential for high Voc> probably 
as a result of lower SRV at the oxide-silicon interface. 
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Figure 1. - The influence of positive surface charge on a shallow junction 
solar cell. The upper curve of each pair is for the cell when charged. 



Figure 2. - The IV characateristics of an MIS cell (O.ln-cm substrate, ~100 A 
Er + ~50 A Cr + Plated Grids, No AR Coating). 
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RECENT DEVELOPMENTS IN THIN SILICON SOLAR CELLS* 


F. Ho and P. lies 

Applied Solar Energy Corporation 
City of Industry, California 


COPLANAR BACK CONTACT CELLS 


2 

50um thick cells 2x4citi area with coplanar back contacts were made with good 
yield, and with output equivalent to conventional top/bottom contact cells of the 
same thickness. A wraparound Junction (WAJ) design was selected, and used success- 
fully. The contact configurations are shown in Figure 1. The low o4 s cells de- 
livered were all above 12%, the average efficiency was 13% and the best was 14%. 

The overall yield was 35-40%, comparable to that for conventional 50um cells (see 
Table 1). The process sequence was moderately complex, but showed good reproduci- 
bility. The CBC cells performed well under several Important environmental tests. 
High CBC cells were made, with about 1% increase in conversion efficiency. 

The most important design criteria were the choice of back surface NH- and P+ 
areas . 


P+ AREA 


Any giveaway P+ area introduced series resistance losses. The losses depended 
on both the area and the configuration of the giveaway area. This WAJ design did 
not allow reduction of this loss by use of the P+ BSF layer. The final design re- 
duced this giveaway area, with minimal loss in output. 


N+ AREA 

The N+ layer on the edges and back surface introduced shunt losses. These were 
minimized by reducing the N+ area. Table 2 shows the improved cell performance 
(CFF) as the N+ area was decreased systematically (at the same time the P+ contact 
was correspondingly increased). Reduction of the N+ back surface area to <*'2.5% 
also decreased shunting components in the diode dark forward current, and eliminated 
some inhomogeneities caused by Illumination at different parts of the cell. 


SILIC06T 


FZ Si gave higher output than CZ. Cells were made with either 10 ohm-cm and 2 
ohm-cm silicon; histogram plots of the output (Figure 2) show the distributions 


*Most of the work described was funded by NASA-Lewis Research Center. 
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were similar. These two groups can be used for close comparison of the radiation 
resistance of CBC cells. 


I-V DATA 


Typical values were Isc <^312mA, Voc «.610mV, and CFF ««0.76. The best cell had Isc 
312, Voc 0.619, and FF **.79; the I-V curve for this cell is shown in Figure 3. o^s 
was measured '^0.72. 


CONCLUSIONS 


If the array advantages are sufficient to require 50um cells with coplanar back 
contacts, cells of good performance can be made, and there is further chance that the 
fabrication processes can be streamlined to reduce the most differential against 
conventional 50um thick cells. 

VERY LOW o^s 50um CELLS 


The goals of this program, ols <0.64 with efficiency -♦14% have involved care- 
ful examination of the tradeoffs needed to combine these two goals. To reduce o^s, 
several cell design features are required; 

a) The front surface should not be textured (the loss of power from increased 

o4 s offsets the increased current) . 

b) The back surface must have high optical finish. 

c) A high IR reflectance back surface contact layer is required. 

d) Slight advantage can be taken of the use of high UV reflectance coatings on 
the coverglass. 

NOTE: We have not assximed the use of a separate blue-red rejection filter. 

In addition, several essential process steps are needed, especially for thin 
cells: 

i) A shallow diffused layer is required on the front surface. 

ii) Grid patterns with minimum shading. 

iii) Good quality AR coating. 

iv) A back surface field (BSF) is needed. 

For (ii) and (iii) we estimated the tradeoff between power loss and cell o^s, for 
two limiting cases, namely full front surface metal coverage, and omission of AR 
coating. The estimated s values were •«»0.25 and *^0.50 respectively, but the in- 
creased power available from these low s values was much less than the decreased 
power caused by these extreme conditions. We concluded by analysis and from tests, 
that any attempt to reduce »^s at the expense of active area or AR effectiveness 
was also counter productive. 
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PROCESS SELECTION FOR LOW o^s, 50um CELLS 


(a) A suitable method is needed for thinning to 50um while maintaining high 
surface finish, especially on the back surface. We developed an etch-thinning pro- 
cess which leaves a mirror finish on the back surface, and a near specular finish 
on the front surface. 

(b) For BSR metals, we extended earlier comparisons of metals with high IR 
reflectance, and selected gold for this work. Later, to improve the environmental 
performance we have used a very thin layer of aluminum under the gold. To ensure 
low contact resistance, we have returned to a structure used earlier, where the 
ohmic contact to the back surface is provided by a grid contact (deposited over the 
BSF layer) and the BSR metal is deposited on the remainder of the back surface. The 
grid pattern was designed to minimize series resistance at the sheet resistance 
levels introduced by the BSF. 

(c) The BSF formation Involves the major trade-offs. For thin cells, a good 
BSF (increased Voc, increased long wavelength response) is essential. Usually a 
good BSF layer involves high doping levels and reasonable depth of the layer. Often 
these steps reduce the optical quality of the back surface. We have avoided this 
possibility by using boron-diffusion, a process we have shown effective for highest 
output 50um cells. However, the high boron doping levels have led to another trade- 
off, caused by free carrier absorption in the BSF layer. This free carrier absorp- 
tion (beyond l.lum) decreases the overall reflectance, and the decrease is more 
serious at longer wavelengths. 

We have found that the effective reflectance values can be shown to have 
dependence, as prediced for free carrier absorption. 

We have varied the boron doping levels systematically (keeping other factors 
constant) and have shown steady decrease in IR reflectance (Figure 4) . In addition, 
we evaluated the BSF effectiveness of these varying boron conditions, and showed 
that to achieve s <0.65 will require loss of cell efficiency. 

Figure 5 shows the present combination of I-V output and ols achieved. At 
present we are fabricating 50 deliverable cells to show the best state-of-the-art. 


CONCLUSIONS 


It is possible to make silicon cells with s below ~0.60. However, to main- 
tain state-of-the-art efficiency (^12%) sets a limit to o('s'»-0.63, and suggests 
that in practice, the additional difficulties in reducing s to this range for thin 
cells, are accompanied by reduced cell output. The best compromise appears to be 
operation at high efficiency down to s <0.67. 


WELDING TESTS 


Weldable cells made on a pilot line (50um thick, 2x2cm, 


low 


-''0.72 and 
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average AMO efficiency ^13%) have been distributed to the array industry. In most 
cases, the cells have shown good weldability, especially after suitable handling 
techniques were developed. (Fuller reports on these cells will be given in other 
papers at this conference.) 
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TABLE 1 

PROCESS LOSS AND YIELD SUMMARY FOR THE THREE FINAL 
PILOT RUNS 


PROCESS LOSS AND REJECT MODE 

LOT NUMBER 

I(%) 

11 (%) 

III(%) 

CLEANING AND ETCHING 

10.2 

12 

10.7 

SIO 2 DEPOSITION 

2 

2.5 

3.5 

DIFFUSION (POCI 3 . BN) 

6 

5.5 

2 

PHOTORESIST WORK 

12,8 

3.5 

8.7 

METALLIZATION 

4 

6 

6 

PLATING 

6.4 

8 

8.5 

CUTTING AND AR COATING 

0.6 

0.5 

1.3 

MECHANICAL REJECT 

6.7 

8 

18 

ELECTRICAL REJECT (<12% AMO) 

14 

12.7 

7.3 

TOTAL YIELD (.k 12%) 

37.3 

41.3 

34 


TABLE 2 

TESTS TO DETERMINE TRADEOFF N+ AND P+ BACK 
SURFACE AREA 


N+ AREA 
(%) 

P+ AREA 
(%) 

Voc 

(mV) 

Jsc 

(mA/ctir) 

CFF 

(%) 

EFF 

(%) 

Rs 

(Ohm) 

10.2 

88.5 

602 

37.3 

74 

12.3 

0.080 

5.1 

93,6 

590 

37.9 

75 

12.5 

0.058 

2.3 

96.4 

598 

37.7 

77 

12.9 

0.056 

0 

100 

592 

37.8 

78 

12.9 

0.055 
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CROSS-SECTIONAL VIEW 



Figure 1. - 2-mil coplanar back contacts cell (WAJ). 



EFFICIENCY, PERCENT 


(a) 10 ohm-cm (50 cells). 

(b) 2 ohm-cm (10 cells). 

Figure 2. - Histogram plot for delivered 50-um CBC cells. 
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350 


Figure 



Figure 3. - Current-voltage curve for 50-Mtii CBC cell. 



. - Specular reflectance and wavelength 


(varying boron doping). 
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LARGE AREA SPACE SOLAR CELL ASSEMBLIES* 


M.B. Spitzer and M.J. Nowlan 
Spire Corporation 
Bedford, Massachusetts 


SUMMARY 

Development of a large area space solar cell assembly is presented. The 
assembly consists of an ion implanted silicon cell and glass cover. The 
important attributes of fabrication are (1) use of a back surface field which is 
ccwapatible with a back surface reflector, and (2) integration of coverglass 
application and cell fabrication. 

INTRODUCTION 

The economic constraints on future large space power systems will require a 
reduction in cell cost without compromise of cell quality. Certainly innovative 
cell fabrication techniques are necessary for achievement of this reduction. A 
further reduction may be possible with the use of low-cost terrestrial solar cell 
technology (ref. 1). 

This paper describes the ongoing development of a low-cost large area 
(34.3 cm2) n+pp"'’ solar cell assembly based on ion implantation. Whereas 
the cost of ion implantation is considered to be a disadvantage at current 
production levels, future large scale production will require an automated, 
effluentless, high throughput process. The development of ion implantation 
anticipates this need. The technical features of ion implantation and its 
development for terrestrial purposes are discussed in references 2 and 3. 
Application of the technology to space solar cell fabrication has a particular 
advantage arising from the ease with which back surface reflectors can be formed 
on the implanted back surface (ref. 4). This will be discussed more fully in the 
next section. 

An important innovation in cell encapsulation has also been developed. In 
this new technique, the coverglass is applied before the cell is sawed to final 
size. The coverglass and cell are then sawed as a unit. In this way, the cost 
of the coverglass is reduced, since the tolerance on glass size is relaxed, and 
costly coverglass /cell alignment procedures are eliminated. 

CELL DEVELOPMENT 

All cell development was based on 2 ohm-cm p-type (100) silicon, with 
thickness of 250 /urn and diameter 7.6 cm. No AR coatings were used during cell 
deve lopment . 


* This work was supported by the NASA Lewis Research Center. 
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Back Surface Implantation 


The implantation of 27 a 1+, HB'*' and 70Ga+ ions was investigated 

for p-p"*" BSF formation. Implant and anneal parameters are given in Table 1. 

After this sequence, front junctions were formed by phosphorus implantation (10 
keV, 2.5 X 10l5 ions/cm^) and annealed with a three-step anneal (ref. 3). 

Figure 1 shows the resulting doping profiles obtained by spreading 

resistance analysis. The anomalous A1 profile is not understood; however, the B 
airi Ga have the abrupt profile characteristic of the implantation process. Boron 
yields the highest activation. Table 2 shows the measured cell performance under 
simulated AMO insolation. Also shown in the table are results obtained without 
BSF formation. These cells had a slightly different front junction anneal and a 

different back contact, but were fabricated from the same starting material and 

are included here to indicate the performance achievable without a back implant. 
Cells with implanted backs have slightly better FF; this is attributed to an 
improved electrical back contact. We infer from this data that the A1 and Ga 
implants are not effective in providing BSF enhancement of voltage and current, 
even though the doping varies over two orders of magnitude at the p-p"*" junction. 

One of the major advantages of using ion implantation for back surface 
field formation is that implantation leaves the physical appearance of the 
surface unchanged. Thus, a wafer with a polished back can be used for back 
surface reflector (BSR) formation, without repolishing of the implanted surface. 
This should be contrasted with Al-paste processes, which require extensive 
repolishing after BSF formation. 

A BSR was formed on surfaces ^ich were boron-implanted as described 
above. The BSR consisted of evaporated Al-Ti-Pd-Ag and no repolishing was used 
prior to evaporation. The polished fronts of the samples were AR coated with 
Ti02 but had neither front metallization nor front junctions. Table 3 shows 
the measured values of thermal alpha (courtesy of H. Curtis of NASA-LeRC) for 
four samples. All samples had thermal alpha values less than 0.70. It can be 
seen from these data that (1) contact sintering has no measurable effect on 
thermal alpha, and (2) boron implantation increases thermal alpha slightly. 

Emitter Development 

Various phosphorus and arsenic implantations were studied in order to 
achieve very shallow ( < 0.2 /zm) highly doped n"*" layers. Refinements such as 
oxide passivation and junction tailoring (ref. 5) were not pursued at this stage 
of the development. 

Spreading resistance profiles for three different emitters are shown in 
Fig. 2. The ion implantation and anneal parameters are listed in Table 4. Also 
listed are the measured AMO performance data of test cells fabricated with the 
indicated emitters. Each test cell had a boron- implanted BSF and Ti-Pd-Ag 
metallization. No antireflection coating was used. 
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The first two entries in Table 4 compare direct implantation of phosphorus 
to phosphorus implanted in a surface which is first rendered amorphous by silicon 
implantation. This "pre- implantation" was investigated because it offers 
complete elimination of channeling, and should also yield better epitaxial 
regrowth during the anneal, since the surface layer has no polycrystalline 
features (ref. 6). 

As is evident in Figure 2, this pre-implantation does result in reduced 
junction depth; however, the Voc of these cells is much lower than that of the 
directly implanted phosphorus. Since the dark logl-V curves of the predamaged 
cells show a small increase in saturation current with no change in n-factor, we 
attribute the reduced Voc to an increase in emitter dark current resulting from a 
decrease in emitter diffusion length. This decrease of emitter diffusion length 
is attributed to unsatisfactory annealing of the implantation damage. 

We have also examined arsenic implantation and very shallow junctions have 
been obtained as indicated in Figure 2. Spectral response measurements indicate 
that the blue response is enhanced, but that the red response is lower than the 
phosphorus-implanted cells. Various anneal cycles were investigated to determine 
whether the minority carrier lifetime had been compromised by the one-step 
anneal, but no improvement was attained. The poor performance of these cells is 
therefore attributed to low lifetime in the material used for arsenic studies. 

Results 

Large area cells were fabricated using the boron implantation and anneal as 
described above and phosphorus implantation (5 keV, 2.5 x 10l5 ions/cm2) 
followed by a three-step anneal (ref. 3). Patterned Ti-Pd-Ag contacts were 
applied to the front and full area Al-Ti-Pd-Ag contacts were applied to the 
back. An evaporated antireflection coating of Ta 205 was applied and cells 
were sawed to final size (5.9 cm x 5.9 cm). The cell shape and contact 
configuration were selected so as to be compatible with the encapsulation design 
(Fig. 3). Total cell area was 34.3 cm^. 

Performance under simulated AMO insolation at 250C was measured, and the 
following average characteristics were obtained for a group of twenty-five cells. 



Average 

Standard Deviation 

Voc (mV) 

605 

0.2 

Jgc (mA/cm^) 

38.1 

0.3 

FF (%) 

75.2 

1.1 

EFF (%) 

12.8 

0.2 
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We attribute the low fill factor in part to a shunt resistance arising at 
the wafer edge (part of this edge is incorporated in the final cell - see Fig. 3) 
and in part to contact series resistance. Improvements in cell design and 
fabrication techniques which will yield a fill factor of 80% without substantial 
increase in cell cost are being pursued. 

ENCAPSULATION 

A major reduction in assembly cost is achieved by a new procedure for 
attaching glass coverslips. Standard practice has been to bond a precisely cut 
covers lip to a finished cell. The demands on cell and glass tolerance and on 
precision alignment of coverslip with respect to the cell during assembly add 
substantially to the assembly cost. To reduce this cost, we have developed a 
process in vdiich the glass cover is bonded to the wafer before sawing the cell to 
its final size. In this way, cell and glass are sawed to size as one using a 
wafer dicing saw. This obviates the need for precision in both coverslip 
preparation and alignment, without loss of registration, and so results in a 
major cost saving. We believe that this is the first demonstration of this 

technology. 

Materials and Lamination 

An encapsulation procedure was developed for three adhesives; ethylene 
vinyl acetate (EVA), FEP- Teflon sheet and Dow-Corning 93-500. Two types of glass 
were used; Corning 0211 (nominally 300 fim thick) and Corning 7070 microsheet 
(nominally 100 pim thick). The thermal expansion coefficient of Corning 7070 is 
quite close to that of silicon; it is therefore the best choice for use with 
lamination sequences involving temperature cycling. 

The lamination procedures used for EVA and FEP-Teflon were 
straightforward. A brief description is provided here. The details can be found 
in reference 7. An assembly consisting of the glass, adhesive and cell are 
placed in an evacuated chamber. Pressure is applied (% atm. for EVA, 2 atm. for 
FEP-Teflon) and the sample is heated (150°C for EVA, 300°C for FEP-Teflon) to 
allow the adhesive to flow. The assembly is then cooled slowly to room 
temperature . 

Lamination with DC93-500 was also straightforward. The adhesive is mixed, 
de-aired and poured onto the center of the cell. The cell is then placed in a 
bell jar and the DC93-500 is de-aired a second time. A cleaned coverslip is 
placed over the DC93-500 and the air is pressed out manually. The assembly is 
then placed in an oven at 150®C for 15 minutes to speed the adhesive cure. 

Complete lamination over an area of 45 cm^ was attained with each 
adhesive. No delamination occurred after 10 temperature cycles between 77 K 
and 373 K. 
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Assembly Configuration 


Figure 3 illustrates the contact configuration used in this work. The 
final cell is square with a connection pad at each corner. Note that the corners 
would actually extend beyond the edge of the wafer since the diagonal of the 
square is larger than the wafer diameter. The actual corners are therefore 
rounded and are formed by the edge of the original wafer. This edge is never 
removed . 

Silver ribbon leads were welded to the connection pads and a glass cover 
was laminated to the assembly as described in the previous section. The dotted 
lines in Figure 3 indicate the locations of the saw cut. It is necessary to fold 
the ribbon leads over either the rounded corner or the edge of the glass so as to 
remain out of the path of the saw blade. A photograph of an assembly prepared 
for sawing is shown in Figure 4A. The leads have been taped to the coverglass. 
The assembly is shown after sawing in Figure 4B. 

Assembly Results 

Assemblies have been fabricated with each of the adhesives with good 
results obtained when Corning 7070 microsheet is used. Problems resulting from 
residual stress vdien Corning 0211 was used in combination with a thermal 
lamination process included cell bowing and spontaneous coverglass cracking. 

Two wafers were removed prior to sawing from the large area cell process 
group described in the first section of this paper and were encapsulated with the 
DC93“500 lamination process and Corning 7070 microsheet. The performance under 
simulated AMO insolation is shown below. 



Vqc 

dsc 

FF 

Eff 

Cell 

(mV) 

(mA/cm2) 

(%) 

(%) 

31-6 

600 

37.0 

72.8 

12.0 

34-3 

603 

37.2 

75.9 

12.6 


There would appear to be a slight decrease in short circuit current (in 
comparison to the non-encapsulated cells), perhaps owing to a change in the 
effectiveness of the antireflection coating upon encapsulation. In general, 

however, the performance does not seem to be degraded by the encapsulation 
process. 

CONCLUSIONS 

Cells were fabricated using potentially low-cost ion implantation 
processing. Average efficiency of large area cells of 12.8% AMO was achieved. A 
novel encapsulation technology was investigated and found to simplify 
encapsulation without sacrifice of cell quality. 
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TABLE 1 - BACK SURFACE FIELD PROCESS PARAMETERS 


Ion Implantation 

Energy = 50 keV 

Fluence = 5 x 10^5 ions /cm 


Furnace Anneal 

550°C for 2 hours 

Ramp to 950°C at 8oc/min 

950°C for 2 hours 

Ramp to 500°C at 5°C/min. 


TABLE 2 - MEASURED PERFORMANCE OF B, Ga AND A1 BSF SOLAR CELLS. 


BSF 

Voc 

Jsc 

FF 

EFF 

(no. of cells) 

(mV) 

(mA/cm^) 

(%) 

(%) 

Boron 

595 

27.0 

78.7 

9.37 

(35) 

(003) 

(0.4) 

(1.4) 

(0.24) 

Gallium 

584 

26.0 

77.4 

8.71 

(11) 

(005) 

(0.3) 

(4.0) 

(0.59) 

Aluminum 

584 

26.2 

78.8 

9.00 

(24) 

(003) 

(0.3) 

(0.8) 

(.14) 

None 

582 

26.3 

76.9 

8.7 

(24) 

(002) 

(0.3) 

(1.9) 

(0.2) 

Notes : Simulated 

Standard 

AMO illumination. Cell area 
deviation shown in parenthesis 

= 4 cm2, no 
. T=250C. 

AR coating 
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TABLE 3 - MEASURED VALUES OF THERMAL ALPHA FOR FOUR BSR PROCESSES 


Back Implantation 


Metallization 


Thermal Alpha 


None 


None 

11b+ 

11b+ 


Not sintered 
Sintered, 400°C 
Not sintered 
Sintered, 40QOC 


0.64 + 0.02 
0.66 + 0.02 
0.67 + 0.02 
0.68 + 0.02 


TABLE 4 - CCMPARISON OF SHALLOW JUNCTION CELLS FORMED BY 
VARIOUS FRONT IMPLANTATION PROCESSES 


Implantation 

Furnace 
Anneal Cycle 

Junction 
Depth (pim) 

Voc 

(mV) 

•Isc 

(mA/ cm2 ) 

FF 

(%) 

AMO Eff 
(%) 

31p+ 10 keV 

2.5 X 10 13 ions/cm2 

(Direct) 

550°C - 2 hours 
850°C - 15 min 
550OC - 2 hours 
(flowing N 2 ) 

0.18 

582 

(001) 

26.6 

(0.2) 

78.1 

(1.3) 

9.0 

(0.1) 

31p+ 10 keV 

2.5 X 10 15 ions/cm2 

(si pre-implanted) 

550°C - 2 hours 
850OC - 15 min 
550OC - 2 hours 
(flowing N 2 ) 

0.13 

555 

(002) 

26.6 

(0.1) 

77.2 

(2.2) 

8.5 

(0.3) 

75as+ 30 keV 

3.5 X 10 15 ions/cm2 

900OC - 30 min. 
(flowing O 2 ) 

0.10 

567 

(001) 

24.2 

(0.9) 

77.3 

(0.1) 

7.9 

(0.4) 


(Direct) 

Notes: Simulated AMO insolation. Cell area is 4 cm^. No AR coatings. 

Standard deviation shovm in parenthesis. T = 25°C. 
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Figure 3: 



Configuration of Cell and Coverglass Assembly Prior to 
Sawing. The dotted lines indicate the saw cut positions. 
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Figure 4: 




Photograph of the Solar Cell Assembly (a) Before sawing, with 
the ribbon leads folded over the front surface, and (b) after 
sawing, with the ribbon leads removed from the front surface. 
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SIMULATED SPACE FLIGHT TESTING OF COMMERCIAL 
TERRESTRIAL SILICON CELLS* 

Paul M. Stella and Tetsuo F. Miyahira 
3et Propulsion Labotatory 
California Institute of Technology 
Pasadena, California 


SUMMARY 

Low cost silicon solar cells, manufactured for the terrestrial market, are 
examined for possible space flight use. The results of preliminary space environ- 
mental testing are reported and discussed. In addition, a number of possible 
obstacles to the use of these cells are examined. It is concluded that the ter- 
restrial industry could provide an extremely low cost and reliable cell for space 
use. 


INTRODUCTION 

The need for new high volume, low cost solar cell and array technology neces- 
sary to support the next generation of space missions has been recognized by many 
(Ref. 1). The use of the shuttle will enable much more ambitious and massive pay- 
loads to be launched into Low Earth Orbit (LEO) which will create a significant 
increase in mission power requirements. In addressing this need NASA has sponsored 
the development of low cost space cells (Ref. 2). As a result of this work space 
cell manufacturers have developed candidate cell designs for future mission use 
under the Power Extension Package (PEP) program. It has been shown that a key to 
significant lowering of costs is through the means of large quantity production. 

In the case of the space cells, although a significant increase in annual volume 
will be required to support future needs, this demand may not be large enough to 
bring about dramatic cost savings. In addition, the continuing need for special- 
ized low volume cell types will impede the space cell manufacturers from achieving 
the benefits of a large volume single product line. 

However, the terrestrial solar cell industry would have no difficulty in pro- 
ducing the quantity of cells required for future space needs. Whereas the annual 
space cell production volume is presently measured in the tens of kilowatts, the 
terrestrial production volume is many megawatts. Although there are distinctly 
different technology drivers for the two appplications many such as low cost and 
humidity resistance are similar. Furthermore the LEO mission application will 
reduce the need for a highly radiation resistant, low mass cell, requirements 
which would otherwise most likely exceed terrestrial cell capabilities. 


* The research described in this paper presents the results of one phase of re- 
search carried out, at the Jet Propulsion Laboratory, California Institute of 
Technology, under Contract with the National Aeronautics and Space Administra- 
tion. 
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This paper will address the question of whether or not the utilization of 
cells developed for the terrestrial market can satisfy future low cost space solar 
power needs. In particular, the results of space environmental testing of these 
terrestrial cells will be presented, and a discussion of capabilities and limita- 
tions of these cells will identify their possible potential. 

TEST DESCRIPTION 

For this evaluation, cells were purchased from six terrestrial manufacturers. 
All cells were made from single crystal P type Czochralski grown silicon. Modules 
are commercially available from five of these suppliers; the sixth was Included 
due to the use of unique fabrication technology which may become commonplace within 
the next decade. One supplier also provided two types of cells representing dif- 
ferent approaches commercially being offered by them. These samples represent a 
number of different technology approaches which are summarized in Table 1. 

After receipt of the samples, mechanical and electrical characterization were 
performed. In this manner sizes and masses were obtained along with the necessary 
AMO performance, and spectral response. Samples were then selected from these 
groups for subsequent space type environmental testing Including humidity-tempera- 
ture storage, thermal vacuum soak, and 1 MeV electron irradiation. These will be 
described below. It should be noted that none of these cells were designed to 
survive space type requirements and that performance in the space type tests does 
not reflect upon their abilities to withstand the terrestrial requirements. In 
fact it is an accepted terrestrial practice to environmentally test assembled 
modules, and not single cells. In view of this no attempt will be made to identify 
a particular sample with the manufacturer. 

MECHANICAL AND ELECTRICAL CHARACTERIZATION 

Cell shapes vary from rectangular to round, with areas ranging from 38 cm^ to 
nearly 98 cm^, all larger than the PEP cells (36 cm^) or present space cells (4 cm^ 
12 cm2), q-jig two largest cells utilize metal conductor straps on the N"*" surface 
in order to provide low resistive losses without large shadowing losses. Minimizing 
the cell series resistance is important in view of the large output currents which 
range from 1.4 to 3.3 Amps. The current densities of the samples averaged 34mA/cm2 
with the highest at 38mA/ cm^ and lowest at 30mA/ cm^. Cell efficiencies ranged 
from 8.1 percent to 12.6 percent. The performances are shown in Table 2 for each 
sample group. Of interest, the cell efficiencies are roughly inversely related to 
the cell active areas, with the exception of the large strapped samples, where 
resultant efficiencies fall in the mid value range of 10 percent, demonstrating 
the advantage of the strap concept. Fill factors (FF) generally fall below values 
observed on space cells, reflecting the impact of large areas and possibly less 
exacting contacting technologies. For these samples average fill factors varied 
from a low of 0.65 to a high of 0.76. 

Although these efficiencies compare with a conventional 13 percent space cell, 
the lack of a strong terrestrial driver for low mass leads to a considerable 
difference in specific power. The influence of large wafer thickness and extensive 
solder coverage in some samples is appreciable. For samples with straps the mass 
of the strap external to the cell edge was excluded since this would normally be 
the interconnector. 
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The cell spectral response reflects material properties and processing varia- 
tions and indicate a cell's potential performance under particulate radiation. For 
the samples examined here significant variations existed in the different groups' 
spectral characteristics, particularly in the short wavelength region (0.4 microns) 
For example, the highest sample's response was more than twice that of the lowest. 
These curves could be used to guide any necessary process or material modifications 
to enhance radiation resistance. 


ENVIRONMENTAL TESTS 

Humidity-Temperature Storage . - Selected samples were subjected to 20 days ex- 
posure at conditions of 45°C and 95 percent relative humidity. Electrical measure- 
ments were made at the end of 8 and 20 days exposure in order to evaluate changes 
from the initial values. With the exception of one group, no significant changes 
were observed during the 20 days. The sample group employing silk screened contact 
showed a loss of 13 percent in power at 8 days. Increasing slightly to 15 percent 
power loss at 20 days, the result of a significant fill factor degradation. The 
sample utilizing a liquid deposited AR coating showed no changes in coating appear- 
ance or output current. 

High Temperature Soak . - Samples were subjected to seven days exposure at 
120°C, at a pressure of less than 1 x 10“^ torr, primarily to evaluate whether 
any detrimental outgassing might occur from non-vacuum metallization and coating 
processes. No visible changes were observed and although a maximum output loss of 
approximately 2.5% was observed for one group this was not considered to be statis- 
tically significant. 

1 MeV Electron Exposure . - Cells were irradiated in the JPL Dynamitron to a 
fluence of 3 x 10'^^ e/cm^. Sample temperature was maintained at 28° + 2°C 
during the test. Inasmuch as a number of different processes normally impacting 
cell radiation resistance were represented among the cells, the measured losses 
fell in a wide range. In general, however, the losses were comparable to what is 
observed on a standard space cell under similar fluence. The lowest degradation 
was measured at a 13.4 percent power loss, whereas the greatest was 26.2 percent. 
These are compared to typical space cell results in Figure 1. 

DISCUSSION 

The results of these initial tests indicate that cells presently being pro- 
duced for the terrestrial market are, with some exceptions, capable of surviving 
typical space acceptance tests; that the design requirements for earth use do not 
exclude space use. Furthermore, the terrestrial cell is expected to improve as a 
product in areas likely to further enhance space capabilities. For example, effi- 
ciency will be improved and mass reduced. These will be pursued independent of 
space needs. Efficiency is critical in reducing overall balance of systems costs 
such as protective coverings, shipping, etc. In the matter of mass, the less 
material used the lower the product cost. 

The cell shape (round, rectangular) must be considered for space systems. In 
LEO space applications, array drag leads to a need for high packing factors to re- 
duce the array area. In the case of a 10 cm round cell the maximum array cell area 
coverage will be less than 82 percent. By cutting this cell into a square, a much 
better array area coverage will be possible, reducing overall array size. This 
will Introduce some additional cell cost but would be worthwhile at the overall 
systems level. 
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A primary concern in utilizing terrestrial cells is the question of contact 
interconnect designs capable of surviving a very large number of thermal cycles. 

It has been shown that solder has limited capabilities for LEO thermal cycling con- 
ditions (Ref 3). Since present terrestrial cells generally have extensive solder 
coverage whether they are capable of surviving the 30,000 LEO cycles of a 5 year 
mission is open to question. In fact, tests are presently underway to examine the 
terrestrial cells' contact behavior under thermal cycling, the first step in eval- 
uating a useful interconnect approach. 

CONCLUSIONS 

Clearly the matter of thick, low packing efficiency cell shapes, and massive 
solder quantities limits the space potential of terrestrial cells. Yet these same 
areas are of concern to terrestrial manufacturers seeking reduced costs. Excess 
amounts of material mean high material costs, and low area efficiency means high 
sjrstem costs; so there is a trend to improvement along these lines, that should 
benefit space capabilities. 

Commercial terrestrial solar cells appear to be capable of surviving space 
type environmental testing. The present cost of these cells is significantly 
lower than values projected for PEP cells. These cells are not however generally 
compatible with the requirements for efficient space solar array manufacture. It 
would be worthwhile to seek cell modifications that could enhance space use and to 
investigate what cost impacts would occur. As mentioned above, many of these 
modifications, such as rectangular shapes for packing factor improvement and mater- 
ial thickness reduction are also beneficial to the terrestrial user, and will 
likely be pursued by that industry. Thus, with the PEP cell work this would allow 
the concept of a low cost cell for space use to be approached from two directions, 
enhancing the possibility for solar array cost reductions. The most critical 
question is whether or not the low cost cell contact schemes are compatible with 
the need for an interconnect method that will survive tens of thousands of thermal 
cycles. 


REFERENCES 

1. Randolph, L. P. , "Photovoltaic Outlook from the NASA Viewpoint", 15th IEEE 
PSVC proceedings, Orlando, FI,, 1981, pp 10-13. 

2. Matthel, K. W. , Zemmrlck, D. K. and Webb, M. , "Optimization of Large Area 
Solar Cells for Low Cost Space Application", 15th IEEE PVSC proceedings, 
Orlando, FI., 1981, pp 228-232. 

3. Luft, W. , "Solar Cell Interconnector Design", IEEE Transactions on Aerospace 
and Electronic Systems, Vol. AES-7, No. 5, Sept. 1971, pp 781-791. 
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TABLE 1 


TERRESTRIAL CELL FABRICATION TECHNOLOGIES 


CELL PROCESS 

TECHNOLOGY 

Junction Formation 

Diffusion * 

Ion Implantation 

AR Coating 

Texturing * 

CVD 

Vacuum Evaporation * 
Liquid-Bake 

Cell Contacts 

Ni Plate/Solder 
Evaporation * 
Silk Screen Ink 
Metal Straps 


* Standard Space Cell Technologies 
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TABLE 2 


SAMPLE CHARACTERISTICS 


Sample 

ID 

Cell 

Area 

(cm^) 

Isc 

(A) 

Pmax 

(mW) 

FF 

Eff 

28°C 

AMO 

Cell 
Mass 
mg/ cm^ 

Comments 

A 

46 

1.56 

701 

.76 

11. 1 

83 


B 

79 

2.34 

886 

.65 

8. 1 

120 

Full Solder 
Coverage 

C 

38 

1.43 

628 

.75 

12.6 

101 


D 

46 

1.48 

579 

.67 

9.5 

94 

Full Solder 
Coverage 

E 

82 

2.57* 

1030 

.69 

8.9* 

88 

*Textured, No AR, 
contact metal 
straps 

G 

98 

3.27 

1370 

.73 

10.3 

86 

N contact metal 
straps. 

Soldered P sur- 
face 

H 

68 

2.30 

826 

, 

.65 

8.9 

76 
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DIFFUSION LENGTH MEASUREMENTS IN SOLAR CELLS - 
AN ANALYSIS AND COMPARISON OF TECHNIQUES* 

John A. Woollamt, A. Azim Khan, and R.J. Soukup 
Department of Electrical Engineering 
University of Nebraska 
Lincoln, Nebraska 

Allen M. Hermann 
Solar Energy Research Institute 
Golden, Colorado 


SUMMARY 


A brief review of the major techniques for measuring minority 
carrier diffusion lengths in solar cells is given. Emphasis is placed 
on comparing limits of applicability for each method, especially as 
applied to silicon cells or to gallium arsenide cells, including the 
effects of radiation damage. 

INTRODUCTION 


In this paper we are undertaking a big topic, and have had to 
limit the number of techniques studied in-depth. In all cases we have 
put numbers into equations appearing in references in order to deter- 
mine limits of applicability of various methods. Parameters are; 
material type (direct gap or indirect gap, usually GaAs or Si), range 
of values found in the literature for diffusion lengths including 
radiation damage values, doping density, optical absorption coeffi- 
cient, recombination velocity, and cell dimensions. Some of our con- 
clusions are expressions of opinion, and we welcome open discussion. 

A bibliography is given in the appendix. 

A limited number of reviews or comparisons are in the literature. 
For example, Runyan’s book Semiconductor Measurements and Instrumenta - 
tion has a chapter on lifetime, including references. The American 
Society for Testing and Materials has a book Lifetime Factors in Sil - 
icon , and a publication "Minority Carrier Diffusion Length in Silicon 
by Measurement of Steady-State Surface Photovoltage”. Reynolds and 
Meulenberg (1974) compared four techniques. K. 0. Leedy has collected 
"A Bibliography on Electron Beam Induced Current Analysis of Semicon- 
ductor Devices" (1977). 

We begin our analysis of minority carrier diffusion length deter- 
minations by writing down . the familiar diffusion equation, assuming 
minority electrons are being generated in a p-type solar cell base: 

*Supported by NASA Lewis Grant NAG3-120. 

Also of Universal Energy Systems, Dayton, Ohio. 
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( 1 ) 


6n 

^ 

d X 


6n 


p + G (X) = 0 
n 


n 


where is the diffusion coefficient, the minority carrier life- 

time, G^(x) the generation rate, and 6n^ the density of generated 
excess minority electrons. The general solution is 


6n 


A cosh + B sinh ^ (X)) , 


n 


n 


n 


( 2 ) 


where f is some function, and L = /d is the minority carrier dif- 

^ . 1 ’ n n n 

fusion length. 


UNIFORM GENERATION 


The simplest application of equations (1) and (2) is when 

G (x) = constant (uniform generation). If 6n =0 at the solar cell 
n p 

junction depletion region edge, and the surface away from the junction 
is described by a surface recombination velocity, then the short cir- 
cuit current, is a simple function of diffusion length. In the 

case of a perfectly efficient BSF the recombination velocity is zero, 
and if the cell thickness is large compared with L^, 


J 

s c 


<5. G L • 

^ n n 


(3) 


The point to make concerning uniform generation techniques is that the 
relationship between current and diffusion length is generally 
straight forward. However, making an accurate measurement of the 
generation rate is more difficult. If cell geometry remains nearly 
the same for all cells investigated then the technique is quite 
useful, especially for comparative purposes. These measurements have 
been done using y-rays , X-rays, and particle beams (See bibliography 
attached) . 


ELECTRON BEAM INDUCED CURRENTS 


Solutions to equation (1) are more complicated when absorption 
depends on position. A popular technique for determining L, espe- 
cially in direct gap materials is the so called EBIC technique. There 
are a large number of papers in this area, and for the bibliography 
we have selected ones that best helped us to understand fundamentals 
and delineate major conclusion. 

In the early 1970's Hackett made a detailed analysis of electron 
beam excited minority carrier diffusion profiles in semiconductors. 

He assumed the electron beam was an ideal steady state point source 
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located a distance g beneath the semiconductor surface having a char- 
acteristic recombination velocity s. In Hackett’s analysis a nor- 
malized recombination velocity S=s/ (Lb/Tb) is defined, where Lb and Tb 
are diffusion length and lifetime respectively. Jas trezebski , 
Lagowski, and Gatos used Hackett's results to show that 

Ap(5) = (GL^^/D) I 1 - [S/(S + l)]e " , (4) 


where is the "bulk" diffusion length (our ultimately desired L) 

uninfluenced by effects of surface recombination at the surface 
through which the beam is passing. An L is defined as the 

"apparent L" observed, as i^ influenced §y recombination. ^eff 
determined by measuring currents, I, generated at a junction a 
distance X from the electron beam, and 

I = I e ■ ^^^eff (5) 

o 


In this geometry, X and 5 are perpendicular to each other. By Eqn. (4) 
and a simple argument one gets 

= (l - [S/(S + l)]e ■ ^''h] ^ 

lb L J 

This is an important equation, and is plotted in Figure 1. Thus when 
S = 0, ~ L^, always. If S = <», S/(S + 1) = 1 and , 

when 5 is several times larger than . Intermediate cases are shown 

in Figure 1. 5 can be controlled by varying the electron beam energy, 

and this is plotted in Figure 2 for silicon and gallium arsenide. 

Thus, for a given energy, the electron beam penetrates considerably 
deeper in silicon than in gallium arsenide. Note that 

In ^ 1 - ) = In (S/S + 1) - 5/L^. (7) 


So a plot of the left hand side vs. 5 gives S from the intercept and 

L. from the slope. This is not as simple as it looks. To make the 
b 

plot, guesses for are made until a self consistent straight line 
plot is found. Also, S is the normalized parameter. 


To better define the situation Watanabe, Actor, and Gatos showed 
that the true recombination velocity s can be determined from 


s 



( 8 ) 
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where D is the diffusion coefficient. (On the basis of this they made 
spatial profiles of s over the surface of a representative silicon 
sample.) The above analysis demonstrates that bulk diffusion lengths 
can be determined by EBIC even when surface recombination Influences 
experimental results. 

In all measurement te 
ment of L becomes more dif 
device dimensions. This i 
The problem was addressed 
technique , and Von Roos als 
especially difficult when 
thickness . 

Thus EBIC is a very powerful and fundamental tool for determining 
L, but the user should be aware of the potential complications. To 
completely avoid surface recombination effects. Figure 1 shows that 
5 'V' 2.5 is needed, which implies that should be less than about 

20 pm for silicon, and less than about 8 pm for gallium arsenide. 

L _< 8 pm is often the case for gallium arsenide, but 20 pm is a rather 
short diffusion length even in irradiated silicon. Thus to measure L 
using EBIC in silicon probably requires use of the analysis associated 
with equations (4) through (8). Even for materials with short dif- 
fusion lengths one should use structures whose dimensions are large 
compared with diffusion lengths. 


chniques considered in this paper, measure- 
ficult when L is comparable to material or 
s often the situation for solar cell designs. 

by Flat and Milnes in 1978 for the EBIC 
o determined that measurements of L were 
L is comparable to or greater than layer 


SCHOTTKY BARRIER PHOTOCURRENT 


In 

this t 

material 

of in 

the cell 

can b 

than the 

dif f u 


echnique a Schottky barrier solar cell 
terest. Monochromatic light is shined 
e reverse biased. the cell thicknes 

sion length, then the short circuit cur 


is made on the 
on the cell, and 
s is much larger 
rent is given by; 


J (X) •v / 1 - e - ) (5) 

\ 1 + aL / 

where a is the optical absorption coefficient and W the depletion 
layer width. If experiments are done with no bias, then W = W^. 

Thus 


J (X) ^ 1 + aL 

J (X) 1 + aL 

o 


-aW 

e 


-aW 
e o 


J normalized 


( 10 ) 


A plot of vs. aW gives a series of curves dependent on aL. Thus 

a comparison of calculated and measured J vs. aW yields aL , and L, 

xf a xs known. 

We have analyzed expected results from this type experiment for 
both silicon and gallium arsenide, and Table I shows our results. 
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Doping densities of 10^^ to 10^^/cm^ are assumed. For a density of 
14 3 

10 per cm depletion widths are from = 5 ym to W = 10 ym at high 

reverse bias. For silicon and gallium arsenide the range of absorp- 
tion coefficients vs. wavelength is reasonably well known. (If a is 
not well known spectroscopic ellipsometry is a non- des true t ive , accu- 
rate method to measure a). In Table I we have assumed that the exper- 
imenter can set the monochrometer to get a near 200 cm~^-, lO^cm""^ or 

lO^cm Absorption edges in direct gap materials are so sharp near 

the band edge that getting 200 cm may be difficult. For silicon 

this value is reasonable. In any case, the value of L for making 

aL = 1 for each case is listed in the table. aW is the simple 

o 

product. Calculated sensitivites , using Eqn. 10 are given. Since we 
feel that ^ 10% sensitivity is needed, the range of L for which this 
technique is applicable is given in the table. For comparison, the 
last column gives the experimentally observed ranges found in silicon 
and gallium arsenide, including radiation damage values. We conclude 
that this technique is generally good for direct gap materials but 
will work only for very lightly doped silicon, and even then only 
marginally. Two words of caution: In direct gap materials a changes 

so rapidly with X that great care should be taken to measure a at the 
wavelength of Interest. Note that a is temperature and impurity sen- 
sitive near the band edge. Secondly, the width W is often measured by 
capacitance voltage plots. Since materials other than silicon have 
high interface state densitites, charges in these states shift C-V 
curves and give erroneous values for W. 


SURFACE PHOTOVOLTAGE 


In this technique light of wavelength just above the band edge 
strikes the surface of the semiconductor exciting electron hole pairs. 
Because the surface is a "sink" for recombination, a potential 
gradient is created relative to the back surface of the material. 
Generally this voltage is detected capacitlvely (an ac coupling) by 
chopping the light beam at roughly 10 Hz. Measurements of the inten- 
sity necessary to make the surface photovoltage constant are made as a 
function of wavelength. Plots of this intensity are made vs. and 

the intercept of the zero intensity is the diffusion length. The tech- 
nique was shown by Wang et al to work for pn junctions (under specified 
conditions) , and by Stokes and Chu for solar cell short circuit cur- 
rents . 


The 

conditions 

for 

reliable use are as follows: 


(1) 

adj^ << 1 

i . e . 

absorpt. in the emitter (or surface depl. reg.) 

(2) 

d >> L 

i . e . 

the cell is thick compared to 

L, 

(3) 

p >> An 

i . e . 

low level injection. 


(4) 

<< L 

i . e . 

the emitter is thin. 


(5) 

ad > 1 

i . e . 

most light is absorbed in the 

base , 
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where a = ct(X) is the optical absorption coefficient, the emitter 

thickness for a cell geometry or surface depletion thickness in bulk 
material, d the total cell thickness, and L the diffusion length. To 
meet condition (1), a is made low by choosing X near the band edge. 
Condition (2) is often the most difficult to meet for common solar 
cell designs. Philips showed that this condition could be relaxed, 
but Chu and Stokes found poor agreement if d 'X/ L. (3) is met by 
choosing reasonable light intensity. For most cells, dj^ << L by 

deliberate design. Finally, ad > 1 is easy to satisfy because the 
base of cells are often thick enough to absorb most of the light, and 
because a can be controlled by wavelength selection. The above state- 
ments are true for silicon cells, gallium arsenide cells, and recently 
for amorphous silicon cells where diffusion lengths of only a few hun- 
dred angstroms can be found. As a practical rule of thumb, the 
shortest diffusion length measurable is about H of the (1/a) value at 
the highest a needed to make the measurement. For example, in 
a - Si a= 10^ cm" 1 at 2.5 e.v. photon energies. Thus ht x 10“^ cm = 

250 1 ! In GaAs the minimum L measurable is about 0.1 urn for ot >\j 

max 

2 X lO^cm"^. 


FINAL STATEMENTS 


All techniques have the limitation that semiconductor thicknesses 
should be large in comparison with diffusion lengths, in order to 
simplify interpretation. This is often violated in solar cell designs. 
Each of the techniques discussed have advantages and disadvantages 
which must be considered. We feel it is important that the limits of 
applicability of particular methods be realized. 
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Table I - Schottky Barrier Photocurrent Technique 


Depletion Region Width 




Sens!- Measur- 


W 

Doping 0 

Density (zero bias) 

W 

(with bias) 

Assumed 

L to 


tivity able 

Observed 

Absorption 
Coeff., a 

make 
oL “ 1 

ciW 
0 

AJ _ Range 
J’ * of L 

Ranges 
of L 

10 /cm 5 ym 

(> 100 Ocm 

10 ym 

200 cm“^ 

10^ 

A 

50 ym 
10 

0.1 

0.5 

5 to 30 
17 ym 

20 to 500 ym In SI 
(2 to 100* In GaAs) 

' In Si) 


10^ 

1 

1.5 

10 



10^^/cm^ 0.5 ym 

1 ym 

200 cm"^ 

50 ym 

0.01 

1% 

10 to 300 ym in SI 

(1 Ocm SI 


10^ 

10 

0.05 

4 

0.3 to 2 


A 



ym 0.5 to 3 ym in GaAs 

2 0cm GaAs) 


10^ 

1 

0.50 

17 




3 X 10^ 

0.3 

1.5 

10 



10^®/cm^ 0.1 

0.3 

200 cm“^ 

50 ym 

0.002 

«1% 


3 to 30 ym In SI 

(< 0.1 0cm 
SI 


10^ 

10 

0.01 

1 




A 


^ 1 ym 

0.2 to 2 ym in GaAs 


4 

1 

0.1 

8 

only 


0.3 0cm 


5 X 10 

0.2 

0.5 

17 



GaAs) 









*Dlf fusion lengths this large In GaAs are quite rare; See Nelson's papers 



Normalized Diffusion Length 



Energy of Electron Beam , kV 

Fig. 1: Normalized diffusion length vs. normalized depth C/L^> 

for various values of normalized surface recombination velocity. 



Fig. 2: Electron beam penetration depth as a function of beam energy 

for Si and GaAs. 


56 



PROGRESS TOWARD CASCADE CELLS MADE BY OM-VPE* 


Peter G. Borden, Ross A. LaRue, and Michael 3. Ludowise 
Varian Associates, Inc. 

Palo Alto, California 


SUMMARY 

OM-VPE has been used to make a sophisticated monolithic cascade cell, with a 
peak AM0 efficiency of 16.6%, not corrected for 14% grid coverage. The cell has 
9 epitaxial layers. The top cell is 1.35 microns thick with a 0,1 micron thick 
emmitter. Both cells are heteroface n-p structures. The cascade cell uses metal 
interconnects. Details of growth and processing are described. 


INTRODUCTION 


This paper describes the design, fabrication, and testing of a high efficiency 
monolithic cascade cell made using Organometallic Vapor Phase Epitaxy (OM-VPE), 
and interconnected using the MIC'^ structure. A number of significant results have 
been obtained, including 

- 16.6% AMO efficiency at a concentration of 10.7 suns, uncorrected 
for the 14% obscuration (19.3% active area efficiency). 


2 

- .5 cm active area (.71 cm by .71 cm), with wafer yields in 
excess of 4 cm^ per processed wafer. 


- A 1.35 mi cron thick 30% AlGaAs heteroface top cell with an emitter 

only 0.1 microns thick. 

- An n-on-p heterface GaAs bottom cell stable enough to endure the 

20 minute, 780 °C growth of the top cell. 

The cell design and structure will be described first. The fabrication process 
follows, followed by a presentation of experimental results. 


Cell Design 


The cell structure is listed in Table 1. It is based on a computer optimized 
design for 400 suns AM2 and experimental iterations to optimize the quantum yield 
of the top cell. As can be seen, heteroface structures are used for both the top 
and bottom cells. The entire structure contains nine layers. These are formed 
in continuous sequence under computer control in the OM-VPE reactor. Uniformity 
over a 1.5 X 2 inch wafer is typically ± 7.5%. 
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An n-on-p structure is used for the bottom cell. Typically, n-type dopants 
are slow diffusers in GaAs; this gives the GaAs cell an inherent stability during 
the growth of the top cell. The n-on-p structure has other advantages for space 
applications, including long base diffusion lengths for better radiation 
hardness^. The low resistivity of the n-type emitter reduces emitter sheet resis- 
tance, an important consideration in cells using MIC^ interconnects. 

The top cell is composed of six layers, the junction occurring in 30% AlGaAs, 
with a bandgap of 1.82 eV. From the top down, these are a GaAs contact layer, used 
in the contacting process. Next is an 80% AlGaAs window layer and an emitter 0.10 
microns thick. This is the thinnest emitter ever reported for a heteroface cell, 
and is required because of the relatively short diffusion length in n+ 30% AlGaAs. 
The p-type base is about 1 micron thick, and collects most of the photons used by 
the top cell. Below the base is a back surface field (BSF) layer, required to 
prevent carriers from leaking out the back of the thin base. The remaining layer 
is used for contacting during the interconnect process. 


Note that the top cell is extremely thin, and is, to the knowledge of the 
authors, the thinnest single crystal solar cell ever reported. The motivation is 
as follows: To properly current match an AlGaAs/GaAs cascade cell, the top cell 

should have a bandgap of about 1.9 eV. The problem is that key properties of 
AlGaAs, such as mobility and diffusion length, degrade rapidly as the direct- 
indirect transition at 1.95 eV is approached. An alternative strategy is to make 
the top cell so thin that it is semi-transparent, allowing some of the near gap 
photons to penetrate through to the bottom cell. In this manner, a current matched 
structure with a lower gap top cell is possible. A careful tradeoff of practical 
material parameters, bandgap, and efficiency places an optimum gap for the top 
cell at about 1.82 eV. 

Figures 1 and 2 show quantum yields for top and bottom cells made with this 
design strategy. Figure 1 shows the quantum yield of a 1.82 eV AlGaAs cell. This 
is corrected for both AR coating reflection and grid coverage. The downward slope 
of the red response is partially due to the semi -transparency. Figure 2 shows the 
quantum yield of a GaAs bottom cell. This is corrected for AR coating reflection, 
but not grid coverage. Note the sharp cut-off at the bandgap of the top cell. But 
note also that some light above the top cell bandgap energy leaks through. 

Figure 2 attests to the stability of the bottom cell. This plot is not correc- 
ted for the 14% grid obscuration, so that the internal quantum yield is flat at 
about 90%. This cell has been exposed to a temperature cycle of 780°C for 
20 minutes. 


FABRICATION PROCESS 

2 

The MIC interconnect process has been used with this cell. This has been 
described elsewhere^, and will be summarized here. In this process, narrow grooves 
are etched through the top cell to the emitter of the bottom cell. Metal deposited 
in these grooves shorts the emitter of the bottom cell to the base of the top cell. 
This interconnect is particularly useful in the development of cascade cells 
because it requires no tunnel junction and allows divert probing of the top and 
bottom cells. 



2 

Figure 3 outlines the MIC process. Two selective etches are used. One etch 
attacks GaAs and 30% AlGaAs, but not 80% AlGaAs. HF etches 80% AlGaAs, but not 
the other materials. The process proceeds as follows; Following masking, the two 
etches are used to etch down to the contact layer below the top cell BSF. The cell 
is remasked, and a narrower groove etched in the bottom of the first groove through 
to the emitter of the bottom cell. The same mask is used to deposit an n-type ohmic 
contact on the top of the cell and the emitter of the bottom cell. Finally, a p- 
type contact placed in the groove connects the n-type contact metal to the buried 
contact layer. The cell is alloyed, cap stripped, and AR coating applied. 

The grooves are nominally 13 microns wide, on 202 micron centers. The top con- 
tact stripes are nominally 7 microns wide on the same centers, for an obscuration 
of 10%. This design is appropriate for 400 suns AM2. Low concentration or 1 sun 
designs have contacts spaced typically 5 or more times further apart, and obscuration 
is negligible. In practice, the grooves and grids are 19 and 10 microns wide respec- 
tively, increasing obscuration to 14%. This can be reduced considerably through 
further process enhancements. 

We have used AuGa/Ni/Au for n-type contacts and Al/Mg/Au contacts for p-type. 
These are chosen because they alloy at the same temperature and time, and thus 
amenable for use in a two-layer contact. 

Anti -reflect! on coating is applied by selective etching of the GaAs cap layer, 
followed by plasma deposition of a single layer of Si^N^. Two-layer coatings will 
significantly improve performance. The single layer has been used at this stage of 
development because of its simplicity and yield. 


PERFORMANCE RESULTS 


Cells are typically made on 1.5 x 2 inch wafers, with the mask providing 6 
devices per wafer. Each device has an active area 0.5 cm^, with dimensions 
.71 X .71 cm. The entire chip active area measures .77 cm^^ v^ith two large contact 
busses taking up the remaining area. This is an optimized design for 400 suns, AM2. 
The cells have a single Si 3 N^ AR coating. The top contact grid is not plated. 

Cells have been tested in a Spectrolab XT-10 simulator with an AM0 filter set. 
Intensity is set to one sun, using a GaAs calibration cell. A glass lens provides 
concentration. The cell has no cooling, and the nominal ambient temperature is 24°C. 
The concentration is measured by taking the ratio of the cascade cell short circuit 
current at concentration to the one sun short circuit current. 

Table 2 shows the efficiency at various concentrations. Table 3 lists other 
cell parameters. Figure 4 shows the cell IV characteristics. The efficiency 
assumes a 0.5 cm^ cell area. In Table 2, three columns tabulate the measured 
efficiency (14% obscuration), the internal efficiency (no obscuration) and effi- 
ciency corrected to 5% obscuration, as might be typical for a 1 sun cell. The effi- 
ciency at 10.7 suns is close to that of a very good GaAs cell. 

This cell has about 17% current mismatch, with the bottom cell short circuit 
current greater than the top. This can be determined by illuminating with a He-Ne 
laser. Such light, which is absorbed in the top cell alone, improves the short 
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circuit current by about 35%. This mismatch is due to the cell being an AM2 design, 
that we are only using a single layer AR coating, and that more work is needed to 
optimize the top cell thickness to properly exploit its semi -transparency. 


CONCLUSION 


This work has demonstrated that cascade cells can be made with areas approach- 
ing those required for space applications, and that high efficiencies are realizable. 
To achieve these efficiencies, several design techniques have been employed, includ- 
ing: 


- use of thin, semi-transparent top cells to enhance current matching while 
maintaining top cell quantum yield. 

- use of n-p cells to maintain stability of the bottom cell during growth of 
the top cell . 

- use of top cell BSF to prevent carriers from spilling out the back of the 
base. 


It is anticipated that considerable improvements are possible through such steps 
as use of a 2-layer AR coating, plating of grids to improve fill factor, and better 
current matching through an optimized AR coating and proper thickness top cell. 
Improvements of this sort, none of which require new technology development, should 
increase efficiency well beyond that of the best GaAs cell. 


Different aspects of this work were supported by NASA Contract NAS3-22232 
and by DOE through SERI subcontract XP-0-8081-1. 
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TABLE I. -CELL STRUCTURE 


LAYER 

PURPOSE 

TYPE 

MATERIAL 

THICKNESS 

9 

Contact 

+ 

n 

GaAs:Se 

0.5 ym 

8 

Window 

4 - 

n 

4> 

A1 gGa 2As:Se 

0.15 

7 

Emitter 

■T 

n 

A1 gGa yAs:Se 

0.1 

6 

Base 

p 

A1 gGa yAs:Zn 

1.0 

5 

BSF 

p 

4- 

A1 gGa 2As:Zn 

0.1 

4 

Contact 

P 

A1 ooGa coAs:Zn 
.32 .68 

0.2 

3 

Window 

n 

A1 gGa gAstSe 

0.1 

2 

Emitter 

n 

GaAs : Se 

0.5 

1 

Base 

P 

GaAs:Zn 

2.0 

0 

Substrate 

P 

GaAs : Zn 

12 mils 
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TABLE II.-MIC^ AM0 EFFICIENCY 


Concentration 

Efficiency 

at Obscuration of 

(suns) 

14% 

5 % 

0 % 

1 

13.2% 

14.6% 

15.3% 

3.97 

15.4% 

17.0% 

17.9% 

8.79 

16.5% 

18.2% 

19.2% 

10.67 

16.6% 

18.3% 

19.3% 


14% obscuration (grooves, top contact) 
2 

.5 cm active area (.71 x .71 cm) 

30% AlGaAs top cell 
GaAs bottom cell 


TABLE III.- CELL PERFORMANCE 


Cone. (Suns) 

V('') 

l3,(mA) 

FF 

n (%) 

1 

2.15 

6.1 

.681 

13.2 

3.97 

2.27 

24.2 

.753 

15.4 

8.79 

2.32 

53.6 

.786 

16.5 

10.67 

2.33 

65.1 

.782 

16.6 


2 

.5 cm active area 
14% obscuration 
AMO, simulated 

Single layer Si 2 N^ AR coating 
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photon^ 


30M-276 CAP OFF 
MEASURED 11/23/81 


SLITS t 5NM 




MIC* cat PROCESS 

NOTE: Drakfings ar« not to scale. Top cell layers are about 1.5 ailerons thick In 
total, tKitton cell Is about 2.5 microns thick. Top grid bars are spaced about 
150 microns for a concentrator cell, about 1000 microns for a 1 sun cell. Top 
groove Is about 10 microns wide. 


-Top cell 
-Cottoa cell 


A) Etch first groove 



B) Etch groove to emitter of bottom 
cell, etch out stop layers 


Groove emitter Top contact 



C) Deposit emitter contacts 



^Top contact 
‘Top cell 

‘Bottom cell 


0) Deposit base contact In groove 


Top contact, remaining cap 


AR coating 



E) Etch cap, AR coat 


Bottom cell layers, from bottom up, are 
base, emitter, and window. Top cell 
layers, from Attorn up, are back barrier, 
base, emitter, window and cap. 


Figure 3 


CASCADE CELL IV AT VARIOUS CONCENTRATIONS 


dark 
1 sun 


3.97x 


8.79X 

10.67X 



j lOmA/div 


-5v/div 

2 

.5 cm active area 
14% grid coverage 
Single layer AR coating 
AM0, simulated. 


Figure 4 
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FRiiSENT STATUS OF AIR FORCE AlGaAs/GaAs CASCADE CELL PROGRAM 


W.P. Rahilly 

Air Force Wright Aeronautical Laboratory 
Wright Patterson Air Force Base, Ohio 


ABSTRACT 


The status of the AF AIGaAs/GaAs cascade cell program is summarized. Recent 
results show that liquid phase epitaxy is a superior fabrication approach. 
Specific technical difficulties are addressed and approaches to solve them are 
described. The plans for follow-on programs based on these results are also 
described. 
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DETERMINATION OF OPTIMUM SUNLIGHT CONCENTRATION LEVEL IN 
SPACE FOR III-V CASCADE SOLAR CELLS 

Henry B. Curtis 
NASA Lewis Research Center 
Cleveland, Ohio 

ABSTRACT 

The optimum range of concentration levels in space for III-V cascade cells 
has been calculated using a realistic solar cell diode equation. Temperature 
was varied with concentration using several models and ranged from 55 C at 
1 sun to between 80° and 200° C at 100 suns. A variety of series resistance 
and internal resistances were used. Coefficients of the diffusion and recom- 
bination terms are strongly temperature dependent. The study indicates that 
the maximum efficiency of 30 percent occurs in the 50 to 100 sun concentration 
range provided series resistance is below 0.015 ohm-cm^ and cell temperature 
is about 80° C at 100 suns. 


INTRODUCTION 

Cascade solar cells, especially those made using III-V materials, have the 
potential for much greater conversion efficiency than conventional single 
junction solar cells. The increased efficiency is mainly due to the better 
utilization of the solar spectrum by the two or three junctions of the cascade 
cell. An advantage of III-V material cascade cells is their low rate of 
decrease in power with increasing temperature. This indicates that III-V 
cascade cells should benefit from concentrated sunlight and be able to operate 
without forced cooling. The concentration level where the cell efficiency 
peaks depends on several factors, such as resistance losses and cell tempera- 
ture as a function of concentration. Previous studies have calculated the 
efficiency of two and three junction cascade cells at various temperatures and 
concentrations (refs. 1 and 2), however, there was no definite relation be- 
tween cell temperature and concentration. In an earlier study (ref. 3), the 
performance of gallium arsenide cells was calculated as cell temperature 
increased with concentration in specific difference functional relationships. 
The purpose of this effort is to expand the work of reference 3 to the case of 
III-V cascade cells. 


METHOD OF CALCULATION 

Current voltage curves were calculated for each cell in the cascade struc- 
ture using the solar cell diode equation and the principle of superposition. 
Terms for the light-generated current, diffusion current, space charge recom- 
bination current, and series and shunt resistances are included. Cell current 
density J (in A/cm^) is given by 
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V + JAR. 


AR 


sh 


( 1 ) 


where 


A 

J 

J 

J 


L 

01 

02 


R 

R 

V 

V 


s 

sh 

T 


2 

cell area, cm 

2 

light-generated current density. A/cm 

2 

coefficient of diffusion current term. A/cm 

coefficient of space charge region recombination current term, 

A/ cm^ 

series resistance, ohm 
shunt resistance, ohm 
=kT/q = 25.85 mV at T = 300 K 
cell output voltage 


The individual current-vol tage curves are added in series with ohmic 
resistance losses for the cell interconnects to obtain the cascade cell 
performance. 

Before any calculations are possible, we must do the following: 

(1) Determine the initial values (at 300 K) for Jl, Jqi, and Jq 2 for 
each junction in the cascade cell structure. 

(2) Determine the temperature dependence of the above quantities. 

(3) Determine the relationship between cell temperature and concentration. 


In a series connected cascade cell, the current in each junction must be 
equal. This constraint is met by proper choice of the band gaps of the individual 
cells. For this study it was assumed that a III-V direct gap cell of band gap 
Eq, used as the top cell in a cascade structure, has a light-generated current 
equal to 80 percent of a "perfect" cell of the same band gap (quantum yield = 1 
above the band gap and zero below the gap). The 20 percent loss can be attributed 
to grid coverage, surface reflection, recombination, etc. Integrating the quantum 
yield of a perfect cell against the Labs and Neckel AMO spectrum, gives the data 
in figure 1, which shows light-generated current for a perfect 1-cm^ cell as a 
function of cutoff wavelength, 


X = 
c 


1.24 


For a gallium arsenide cell of 0.867 urn cutoff wavelength, the 80 per- 
cent assumption leads to a value of 31.1 mA/cm^ for light-generated cur- 
rent, in good agreement with the literature (ref. 4). For the second and 
third junctions, it was assumed that the light-generated current was 85 
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percent of a perfect cell (adjusted for absorption in the upper cells). Lower 
losses are assumed in the lower junctions due to decreased reflection and 
recombination losses. Using the above assumptions, the equal light-generated 
currents in each junction and the band gaps corresponding to any top cell band 
gap are uniquely determined. 

The coefficients of the diffusion and recombination terms, Jqi, and 
Jq 2 >, are determined for each band gap by assuming the following; 

(1) The diode quality factor n is equal to 1.2 at 1-sun concentration and 
at 300 K 

(2) Voltage Vqq is 70 percent of the band gap (eV). 

The diode quality factor can be determined by using equation (1) and 
plotting an - Vq^- curve. The slope of this curve at 300 K and at 
current levels corresponding to 1-sun illumination leads to an n value that is 
dependent on the relative values for JqI ^nd Jq 2 . For example, if Jq 2 
is zero, then the cell is completely diffusion limited, and n = 1.0. By 
adjusting the relative value of Jqi and Jq 2» an n value of 1.2 can be 
obtained. The final value of the two constants is determined by Vqq = 

0.7 Eg. The value of n = 1.2 is assumed to be typical of current III-V 
cells^(refs. 5 and 6). For GaAs 70 percent of Eg is 1 V, which value is 
typical of a good GaAs cell. 

The temperature dependence of the various band gaps was assumed to be 
similar to that of gallium arsenide. The gallium arsenide temperature depen- 
dence can be obtained from the literature (ref. 7). 


The Jqi and Jq2 vary with the square of the intrinsic concentration and 
the intrinsic concentration, respectively. Hence, 

Jqi - t 3 exp(-Eg/kT) (2) 


and 


Jq2 - t 3/2 exp(-Eg/2kT) 


(3) 


The temperature dependences of Jqi and Jq 2 calculated from equations 
(2) and (3). 


The light-generated current of a solar cell increases with increasing 
temperature for two reasons: (1) the smaller band gap means more photons are 
collected, and (2) material properties such as lifetime improve with in- 
creasing temperatures (ref. 8). It was assumed that the band gap change 
accounted for most of the increase in light-generated current with tempera- 
ture, and a value of 0.020 percent/K was assigned to the "better material 
properties" portion of increased current. Since band gaps were varied with 
temperature in this study, the calculated light-generated current already 
reflects this effect. For a gallium arsenide cell, this resulted in a 25 
uA/cm2-K temperature coefficient, which is in substantial agreement with 
published results (ref. 9). 


The operating temperature of a solar cell in space is dependent on many 
factors. These include the incident irradiance, the absorptance and emittance 
of the cell and radiator surface, the thermal transfer between cell and 
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radiator, the size and orientation of the radiator, and the orbit of the 
spacecraft. It was beyond the scope of this study to calculate temperature 
variations with concentration for a nearly infinite set of starting assump- 
tions. Instead actual data for 1-sun operation and other studies for data at 
concentrated sunlight levels were used. 

For 1-sun operation in space, a cell temperature of 328 K (55° C) is 
typical of present photovoltaic arrays (ref. 10). These arrays use passive 
cooling, and the cells are producing power. There were no actual data avail- 
able for cell temperature at elevated concentration levels in space, so the 
results of two studies were used to determine the range of operating tempera- 
tures expected. For the first study, which did not limit cell size and had no 
active cooling, a cell temperature of 398 K (125° C) at 50 suns was computed. 

A nearly 14-K margin for error is included, making this cell tmeperature value 
conservative. For the second study (ref. 12) much lower cell temperatures 
were computed for space solar cells: 353 K (80° C) for a 100-sun irradiance 
level. This study used very small cells (4 mm diam) to maximize the heat 
transfer from cell to radiator. 

These low cell temperatures at concentration are similar to earlier work 
on small silicon cells at several hundred AMI concentrations for terrestrial 
purposes, (ref. 13) Passive cooling was assumed in all the above work. 

Because of the usual dependences observed in space between irradiance and 
temperature, a T^ relationship to concentration ratio (T^ = Aj^CR + A 2 ) 
was fitted to the 328 K - 1-sun point and to each of the higher concentration 
points. This lead to two different temperature dependences with concentration, 
a high temperature dependence and a low temperature dependence. A third, 
intermediate dependence curve is obtained by arbitrarily using a temperature 
level of 398 K (125° C) at 100 suns. The three temperature dependences are 
summarized below. 



Temperature, 

K 

CR 

High temperature 

398 

50 

Intermediate temperature 

398 

100 

Low temperature 

353 

100 


Figure 2 shows temperature as a function of concentration for these three 
temperature dependences. 


RESULTS AND DISCUSSION 

Current-voltage curves were generated for cascade cell structures for 
sunlight concentration levels up to 250x (AMO). Figure 3 shows a typical 
three-junction cascade cell curve as well as the individual curves for each 
junction. Cell temperature was varied with concentration as described above, 
and efficiencies were calculated as a function of concentration level for a 
variety of series resistance, cell interconnection resistance, and top band 
gap values. 

As seen from equation (1), the quantities AR 5 and ARg^ may be 
treated as independent variables. The same holds true for AR^, where R,- 
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is the interconnect resistance between cells, whose ohmic voltage drop is 
subtracted from the cascade cell performance. Hence, for the remainder of 
the study series resistance, shunt resistance, and interconnect resistance 
were treated in terms of ohm-cm^. 

As in the previous work (ref. 3) the effect of shunt resistance at 
higher concentration levels was negligible. Because the main focus of this 
study is on higher concentration ratios, a value of 2500 ohm-cm^ for shunt 
resistance was used throughout. 

Figure 4 shows efficiency as a function of concentration for three 
interconnect resistance values for a three junction cascade cell with a top 
band gap of 2.07 eV. The low-temperature dependence was used and ARg = 

0.015 ohm-cm2. Note the fall off in efficiency above about 100 concentra- 
tion and the fairly broad maximum over the 30 to 100 range. The value of 
50 m ohm-cm^ (the center curve) for cell interconnect resistance resulted 
in a voltage drop of 75 mV at each interconnection at 100 AMO. This was 
somewhat less than the 100-mV drop assumed in reference 1, but probably 
within future technology. The top band gap was 2.07 eV. The corresponding 
band gaps for the second and third cells are 1.55 and 1.17 eV. This is not 
the optimum choice of band gaps; however, for direct gap materials of the 
same lattice constant, data from references 14 and 15 indicate that it is 
the only choice. Since the ability to grow individual cells in a monolithic 
stack of different lattice constants is considered improbable (ref. 1), the 
more realistic choice is 2,07 eV as top band gap, even though efficiencies 
could be about 3 percentage points higher with a more optimum band gap 
combination. 

The effect of varying series resistance of the individual junctions is 
shown in figure 5. The effect of series resistance is less than the inter- 
connect resistance due to the smaller values used in the calculation. The 
value of 15 m ohm-cm^ should be readily achievable since similar and lower 
values have already been produced in single gallium arsenide cells (refs. 16 
and 17). 

Figure 6 shows efficiency as a function of concentration for the three 
temperature dependences. The efficiencies are equal at 1 sun and change as 
concentration and temperature are increased. The benefit of operating the 
cell at lower temperatures at concentration is readily evident. At 100 
suns, the high temperature dependence results in an efficiency value lower 
than at 1 sun, due to the high operating temperature. Also at 100 suns, the 
difference in efficiency between the high- and low-temperature dependence 
curves is about 5.7 percentage points (29.67 and 23.97 percent). This is 
considerably more than the change in efficiencies in figures 4 and 5 due to 
the range of series and interconnect resistances studied. Hence, the effect 
of decreasing the operating temperature is the most important factor in 
raising the efficiency of cascade cells operating at high concentration 
levels. 

The effect of mismatch in the currents of the individual cells is shown 
in table I. The first source of mismatch arises from the band gaps being 
chosen at one temperature and the cell being operated at a different temper- 
ature. For temperature differences of 30 to 40 K, this mismatch effect was 
negligible, with changes in efficiency of 0.1 percentage point. Since any 
cascade cell will be designed for the concentrator it will be used in, this 
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mismatch error can be neglected. The second mismatch error results from the 
uncertainty of our knowledge of the AMO spectrum. The Labs and Neckel 
spectrum was used throughout this study to determine light-generated 
currents and band gaps. The other recognized AMO spectrum was that of 
Thekaekara. Data were generated using band gaps chosen by the Labs and 
Neckel spectrum and light-generated currents chosen using the Thekaekara 
spectrum. The differences were small, about 0.4 percentage point difference 
in efficiency, which resulted in approximately a 1.3 percent drop in maximum 
power. 

The third mismatch arises from radiation damage in space. For protron 
irradiation of sufficiently low energy we can assume that the current in the 
top cell is reduced by 10 percent. This results in approximately a 7-1/2 
percent drop in efficiency of the cascade cell. 

CONCLUSIONS 

The optimum concentration level for III-V cascade cells is about 50 suns 
(with a range of 10 to 100 suns), where the efficiency falls off by less 
than 1 percentage point, provided the following conditions are met: 

(1) An optical concentrator-passive cooling system must be provided 
which maintains cell temperature as low as possible. Some concepts 
presently under study indicate temperatures of 80° C at 100-sun concentra- 
tion appear feasible through use of small cells to obtain good heat transfer 
to a radiating surface. The small cell concept has already been demon- 
strated in terrestrial concentrators to yield low operating temperatures. 

(2) The resistance losses due to series resistance in the individual 
cells and the cell interconnects are kept at reasonable values. A value of 
15 m ohm-cm^ for individual cell series resistance should be an achievable 
value since gallium arsenide cells have been made with this on lower series 
resistance values. A value of 50 m ohm-cm^ represents a goal for cell 
interconnect resistance. There is no known experimental data on such values 
at present. In any event, the drop in efficiency due to increased resis- 
tance losses at 100-sun concentration is considerably less than the loss due 
to higher operating temperatures. 
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TABLE I. - EFFECTS OF VARIOUS CURRENT MISMATCHES ON 
CASCADE CELL POWER OUTPUT 


Source of mismatch 

Percent drop in P^^^ 

AT ~ 30° between cell 
operation and band gap 
optimization 

Negligible, 0.3 percent 

Uncertainty of AMO spectrum 
Labs and Neckel/Thekaekara 

Small, 1.3 percent 

Radiation damage 10 percent 
drop in one cell current 

6 to 7 .5 percent 




Figure 1. -Variation of short-circuit current of perfect 
cell with cutoff wavelength. 


Figure I - Variation of temperature with concentra- 
tion for different temperature dependences. 
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Figure 4. - Variation of efficierwy with concentration for different 
interconnect resistances. 



Figure 5. - Variation of efficiency with concentration for different 
series resistances. 


TEMPERATURE 



Figure 6. - Variation of efficiency with concentration for different 
temperature dependences. 
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SOLAR LNERGY CONVERSION USING SURFACE PLASMONS FOR 
BROADBAND ENERGY TRANSPORT 


Lynn Ylarie Anderson 
NASA Lewis Research Center 
Cleveland, Ohio 


SUMMARY 

This paper introduces a new strategy for efficient solar energy conversion 
based on paral lel-processing with surface plasmons. The approach is unique in 
identifying: (1) a broadband carrier with suitable range for energy transport, 

and (2) a technique to extract more energy from the more energetic photons, 
without sequential losses or unique materials for each frequency band. The aim 
is to overcome the fundamental losses associated with the broad solar spectrum 
and to achieve a higher level of spectrum splitting than has been possible in 
semiconductor systems. 


INTRODUCTION 

In conventional silicon solar cells, 56 percent of the incident power is 
wasted because monoenergetic conduction electrons are used to transport a 
broad solar energy spectrum. In cascade and spectrophotovoltaic systems, 
spectral mismatch losses are reduced by using different semiconductors to 
support different energy carriers. However, the increased complexity and 
sequential losses offset incremental efficiency gains when more than two or 
three frequency channels are used. 

A preferred route is to parallel process different carriers in the same 
material. The missing ingredient has been the identification of a broadband 
carrier with suitable range for energy transport. In the search for long-lived 
excited states, little attention has been paid to less stable, but relativistic 
waves, like the surface plasmon. Perhaps these collective modes were 
overlooked because their properties are unfamiliar, or more likely, they were 
ruled out due to a prevalent misconception that wave approaches are unsuited 
for incoherent light. 


SURFACE PLASMONS 

Surface plasmons (refs, 1 to 4) are guided electromagnetic waves, which can 
be supported on thin films of common metals, like aluminum or silver. Thicker 
substrates may also be used, and there may be native oxides or dielectric 
overlayers. However, an interface can not support surface plasmons unless the 
dielectric function has opposite sign in the two materials. Negative 
dielectric functions occur in the Restrahlen band or high reflectivity region 
of most metals and semiconductors. 

The surface plasma wave (fig. 1) consists of a propagating wave of surface 
charge (polarized valence electrons) accompanied by transverse and longitudinal 
electromagnetic fields, which decay exponentially with distance from the metal 
interface. Typically, the fields extend a tenth to several thousand micrometers 
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above the metal, but only penetrate a few hundred angstroms into the substrate, 
permitting integration with back surface diodes. This also allows an extremely 
lightweight system for space use or a materials-conservative device on a low- 
cost substrate for terrestrial applications. 

The surface plasmon spectrum is broad and continuous from the infrared to 
cut-offs which lie in the visible or ultraviolet depending on the material. 

The velocities are relativistic except near cut-off. For broadband energy 
transport, we are primarily interested in the relativistic waves, rather than 
the better known quasistatic ones, which are nearly monoenergetic. 

Surface plasmons have finite range due to substrate absorption mechanisms 
like collision-broadening and interband transitions, as well as radiative loss 
induced by surface roughness. Landau-damping, or electron acceleration, can 
also be important but not for the relativistic waves. On an open surface the 
relativistic plasmons have field patterns in which most of the energy travels 
just above the metal, reducing substrate absorption (refs. 3 and 4). The range 
is excellent for device purposes, typically, 75 to 5000 micrometers at solar 
frequencies and centimeters in the infrared (refs. 5 to 7). This allows some 
compromise on materials quality and leaves room to design graduated structures 
which shift fields into the tunnel diodes, where energy is extracted. For 
plasmons propagating along the interfaces of the metal-barrier-semiconductor 
tunnels, the range may be only a few micrometers at the blue end of the 
spectrum, but this should be adequate. 

These properties make surface plasmons ideal for broadband energy transport. 
Two questions remain: how to couple sunlight into the waves, and how to extract 

power to do work on a load. 


ENERGY CONVERSION 

There are three steps in the energy conversion process (fig. 2): 

(1) Sunlight excites surface plasmons when its fluctuating electric fields 
polarize surface charge on the metal. Coherent light is not required, but a 
prism, grating, or textured surface must be used to provide phase-matching 
between photons and slightly slower surface plasmons of the same energy. 

(2) The surface plasmons transport energy to an array of tunnel diodes, 
tuned to extract maximum power from waves in a different frequency bands. 

Diodes differ in geometry and operating voltage, but all share the same 
materials. The simplest type is an MIS diode formed from the conducting 
substrate, its native oxide, and a buried or front surface semiconductor 
electrode. 

(3) Energy is extracted by inelastic tunneling, a one-step process in 
which an electron from the low voltage (semiconductor) electrode simultaneously 
absorbs a surface plasmon and tunnels to higher potential in the metal. 

Ideally, the semiconductor bandgap prevents backflow by eliminating unwanted 
final state energy levels. In a circuit, the tunneling current and load 
resistance supply the operating voltage. Current flows in the power quadrant 
as inelastic tunneling raises electrons to higher potential, enabling them to 
do work on the load. 
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COUPLING TO SUNLIGHT 


Coupling sunlight to surface plasmons poses unique design problems since 
the light is unpolarized, uncollimated and broadband. Sunlight can excite 
surface plasmons when fluctuating solar fields polarize surface charge on the 
conductor. S-polarized photons, which have purely tangential electric fields, 
can not induce charge on a smooth surface, but "deep" surface texture, on the 
scale of the wavelength, should allow effective coupling of both polarizations 
(refs. 8 to 10). 

Given charge fluctuations at a surface plasmon frequency, the collective 
response can not be excited unless parallel momentum is also conserved. Two 
primary techniques are used to phase-match photons to slightly slower surface 
plasmons of the same energy: 

(1) A slow-wave structure, such as diffraction grating, (refs. 11 to 13) 
creates photon harmonics with parallel momentum shifted by multiples of the 
inverse period. When one diffracted order satisifes the phase-matching 
condition, energy is withdrawn from all orders proportionately. A rough or 
discontinuous surface (refs. 14 to 19) acts like a superposition of gratings, 
allowing phase-matching over a broad frequency range. 

(2) Alternatively, photons may be slowed by a medium of high refractive 
index. In a prism-coupler (refs. 20 and 21), phase-matching occurs at specific 
incidence angles, which typically vary a few degrees across the solar band. 

Coupling to surface plasmons is resonant and can be virtually complete in 
phase-matched structures. As early as 1902, Wood observed anomalies in the 
scattered light from gratings (refs. 20 to 25) which Lord Rayleigh explained 
as diffraction into a pair of superficial waves (ref. 26). Fano explained the 
anomalously large amplitude of the surface wave with an analogy to resonances 
in a mechanical system (ref. 27). With prism-couplers, 99 percent conversion 
of monochromatic, p-polarized light to surface plasmons has been demonstrated 
experimentally on a variety of subtrates (refs. 28 to 30), while experimental 
evidence for strong coupling on gratings and rough surfaces (refs. 31 to 33 
and 34 to 37, respectively) has also been shown. 

Since the surface plasmon velocity varies with frequency, a range of 
grating periods or prism incidence angles is required to couple the solar 
spectrum. One strategy shown in figure 3 would use a prism or lens to disperse 
the spectrum over a fixed grating near parallel incidence. Angular dispersion 
controls the effective grating period and directs the surface plasmons towards 
appropriately tuned diodes. A guided wave approach appears most compatible 
with miniature concentrators, since collimation and focusing are required. 
Requisite periods depend on incidence angles and geometry but visible 
wavelengths are normally required. Fortunately, perfect collimation and 
phase-matching are not required as any structure has built-in momentum 
uncertainty, which is inversely proportional to the parallel dimension. 

Alternatively, natural sunlight with a range of incidence angles could be 
coupled to surface plasmons on a textured surface. This has the virtue of 
simplicity and potential low-cost for large-area systems without concentration 
or tracking. Since waves of different frequencies are co-excited without 
preferred direction, the collecting diodes should be filtered for response to 
specific frequency bands. 
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ENERGY EXTRACTION BY INELASTIC TUNNELING 

As shown in figure 4, the surface plasmons transport energy to an array of 
tunnel diodes tuned to extract maximum power from waves in different frequency 
bands. Although the diodes differ in geometry and operating voltage, all share 
the same materials. The simplest tunnel diode would be a metal-barrier- 
semiconductor junction formed from the conducting substrate, its native oxide, 
and a buried or front surface semiconductor electrode. The metal and 
semiconductor are at different potentials with the oxide serving as a barrier 
to inhibit electron flow. 

Energy is extracted from the surface plasmons by inelastic tunneling 
(refs. 38 to 45), a one-step process in which an electron from the low voltage 
(semiconductor) electrode simultaneously absorbs a surface plasmon and tunnels 
to higher potential in the metal. The semiconductor is doped heavily p"^, so 
its Fermi level lies close to the valence band. Thus, almost all the energy 
can be extracted from surface plasmons with energy slightly more than the 
operating voltage: the surface plasmon excites an electron from the 

semiconductor valence band into an empty state just above the metal Fermi 
level, where there is little excess to be lost to heat. 

Ideally, the semiconductor bandgap prevents backflow by eliminating the 
final state energy levels which could otherwise be reached by conventional 
elastic tunneling (ref. 45) or by inelastic tunneling with emission of surface 
plasmons whose energy is less than the operating voltage. Some backflow 
through surface states and defects is unavoidable. 

In a steady-state circuit, load resistance times the net tunneling current 
results in the impressed voltage across the diode. Current flows in the power 
quadrant as inelastic tunneling raises electrons to higher potential, enabling 
them to do work on the load. Since the diode voltage determines the fraction 
of surface plasmon energy extracted, the load should be regulated to maintain 
constant voltage as the current varies with solar flux. 

PRECEDENT: TUNABLE LIGHT-EMITTING DIODES 

Tunable light-emitting diodes based on inelastic tunneling were first 
demonstrated in 1976 by Lambe and McCarthy (refs. 47 to 49). The fabrication 
is straight-forward (refs. 50 to 56): A thin film of aluminum is evaporated 

on a glass or ceramic substrate, encouraged to form the native oxide, and 
crossed with a counter-electrode, typically 200 A of silver, to form a tunnel 
junction of millimeter-square area. A voltage is applied across the junction 
to cause inelastic tunneling with emission of surface or junction plasmons. 
These waves can radiate visible light if phase-matching is provided by 
roughening the electrode surface with chemical etches, abrasion, or deposition 
of small metallic particles or by growing the whole diode structure on an 
irregular surface (e.g., CaF 2 islands) or a holographic grating. When the 
voltage is varied from 2 to 4 volts, the color changes from red through 
blue-white, with uniform glow across the outer electrode surface. Although 
still extremely inefficient, these are room temperature, reasonably stable 
devices with intriguing prospects for thin film video displays. 

In present LED's, the glow can only be seen in a dark room - implying 
efficiencies less than 10“^ percent. What went wrong? The applied voltage 
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causes a current of tunneling electrons which have a very high (order one) 
probability to excite slow junction plasmons, which propagate along the tunnel 
interfaces (refs. 38 to 40). Unfortunately, most of the junction plasmons are 
absorbed by the substrate before they can radiate through the silver electrode. 
The mean free paths for substrate absorption and radiation differ by five 
orders of magnitude, which seems to explain the low efficiency (refs. 38 to 
40). When diodes are grown on visible frequency holographic gratings (refs. 

55 and 56), the plasmons are emitted on the outer electrode surface where they 
can radiate effectively. This time the efficiency is low (10“^ percent) due 
to weak coupling to the tunneling electrons (ref. 57). 

The situation should be easier for photodiodes than it is for LED's, since 
the controlling mean free paths are different. Surface plasmons can be 
efficiently excited by light. Their long range leaves room to design graduated 
structures which shift fields into the tunnels. Alternati vely, phase-matching 
structures might be used to link surface and junction plasmons through some 
type of bulk mode. Both techniques are used with high efficiency, nearly 100 
percent in some cases, for closely related surface acoustic wave devices (refs. 
58 to 60). Junction plasmons have shorter range, typically a few micrometers, 
but preliminary calculations from a Berkeley grant suggest a comparable range 
for junction plasmon capture by tunneling electrons. This would be a good 
starting point for efficient diodes; however, quite a bit more theoretical 
modeling and experimental characterization is necessary before we are confident 
of our understanding of processes occurring in the tunnel diodes. 

CLOSING REMARKS 

This paper has introduced an advanced concept for direct conversion of 
sunlight to electricity, which aims at high efficiency by tailoring the 
conversion process to separate energy bands within the broad solar spectrum. 

The objective is to obtain a high level of spectrum-splitting without 
sequential losses or unique materials for each frequency band. In this 
concept, sunlight excites a spectrum of surface plasma waves which are 
processed in parallel on the same metal film. The surface plasmons transport 
energy to an array of metal-barrier-semiconductor diodes, where energy is 
extracted by inelastic tunneling. Diodes are tuned to different frequency 
bands by selecting the operating voltage and geometry, but all diodes share 
the same materials. 

Surface plasmons should lend themselves to an exciting new class of electro- 
optic devices, operating over a broad frequency range (IR through UV). The 
waves can be supported on common metals, like aluminum or silver, with only a 
thin film required. This allows extremely lightweight systems for space use, 
or materials-conservative devices on low-cost substrates for terrestrial 
applications. The long surface plasmon range allows some compromise on 
materials quality and leaves room to design graduated structures which shift 
fields into the tunneling region. Surface plasmons have strong coupling to 
both light and tunneling electrons; the challenge will be to accomplish both 
in the same device. 
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ALUMINUM, SILVER, SILICON 


Figure 1. - Surface plasma waves. 



CURRENT 


Figure 2 . - Parallel processing with surface plasma waves. 
Status: early conceptual phase. 
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PHOTON PLASMON ORATING 



ALTERNATIVE: 

• COUPLE NATURAL SUNLIGHT 
TO ROUGH SURFACE 

• W/0 CONCENTRATION 

OR Tracking 

• requires FREQUENCY- 
SPECIFIC DIODES 



MINIATURE CONCENTRATOR 

4 mm SOLAR CELL DIAMETER 
1.8 cm ARRAY THICKNESS 


Figure 3. - Coupling to sunlight. 


TUNNEL JUNCTION 



CURRENT 


• INELASTIC tunneling ABSORBS PLASMONS TO PUMP ELECTRONS 
TO HIGHER POTENTIAL 

• VOLTAGE SUPPLIED BY TUNNEL CURRENT AND LOAD RESISTANCE 

• SEMICONDUCTOR BANDGAP LIMITS BACKFLOW 


Figure 4. - Extracting power from surface plasmons. 
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STUDY OF GaAs DAMAGE COEFFICIENTS 


H.S. Rauschenbach, T.R. Simpson, R. Parthasarathy, and M. Taher-Zadeh 
TRW Space and Technology Group 
Redondo Beach, California 


The development of GaAs solar cells has advanced to the point where it can 
be considered as a potentially enabling technology for a range of future missions. 
Since an adequate set of radiation characterization test data for GaAs solar cells 
does not exist, the sparse existing solar cell data was combined with general GaAs 
device radiation damage coefficients reported in the literature. These damage 
coefficients were then applied to GaAs solar cell radiation damage analysis for a 
number of characteristic orbits. The study showed that for orbits where pene- 
trating electron radiation dominates, GaAs damage is similar to Si damage. How- 
ever, in orbits where damage from lower energy protons dominates, the degradation 
of thinly shielded GaAs cells is more severe than the damage of equally shielded 
Si cells, while the degradation of thickly shielded GaAs cells is less severe than 
the degradation of equally shielded Si cells. The most significant conclusions 
from the study are that (i) the damage-equivalent 1-MeV fluence for GaAs is, in 
general, different from that for Si cells for the same shielding thickness, same 
orbit and same orbital exposure time, and (ii) the damage coefficients of GaAs cell 
are functions of total accumulated fluence, indicating a reduced rate of damage as 
the fluence increases. 




CURRENT STATUS OF THIN-FILM CLEFT GaAs SOLAR CELLS* 


3ohn C.C. Fan, Carl O. Bozler, and Robert W. McClelland 
Lincoln Laboratory 

Massachusetts Institute of Technology 
Lexington, Massachusetts 


Single-crystal GaAs layers as thin as 5 m have been grown and separated from 
reusable GaAs substrates by the CLEFT process. This process has been used in 
fabricating a 17% (AMI) GaAs solar cell, only 10 m thick, that is bonded to a glass 
substrate. The procedure for preparing CLEFT cells will be described. The thin- 
film technique eliminates the cost and limited availability of GaAs as major obsta- 
cles to utilization of GaAs solar cells. In addition, by using CLEFT cells with 
lightweight packaging it should be possible to produce panels with specific power 
of several kW/kg. The potential utilization of CLEFT cells in a high-efficiency 
tandem-cell structure will be discussed. 


*This work was sponsored by the National Aeronautics and Space Administration and 
the Department of the Air Force. 
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AIR FORCE DEVELOPMENT OF THIN GaAs SOLAR CELLS 


'<en Masioski 

Air Force Wright Aeronautical Laboratories 
Wright Patterson Air Force Base, Ohio 


INTRODUCTION 


The advantages of galliiim arsenide (GaAs) over silicon (Si) type solar 
cells are many and have been well documented. However, two major disadvantages 
are weight and cost. Several ideas have recently surfaced that, if successful, 
will diminish these disadvantages. The CLEFT peeled film technique introduced 
by John Fan at Massachusetts Institute of Technology and the galicon cell 
being developed at the Jet Propulsion Laboratory are two of the more promis- ' 
ing approaches. Presently, the Air Force is funding a program with Varian 
Associates, reference 1, to develop low weight, low cost, high efficiency 
GaAs solar cells. This paper will summarize the work under this program en- 
titled "Low Cost GaAs Solar Cell Development". 


PROGRAM GOALS 


The specific goals of this program are the development of GaAs solar 
cells with at least an l8^ conversion efficiency at beginning-of-li Te (BOL) 
and at least 13.5^ after 5 x 10^5 (i Mev) electrons /cm^. The cost and weight 
goals are $300/watt and 550 watts/kg respectively, both at the cell level with- 
out a cover. These goals are considerably beyond the current state-of-the-art 
and represent a difficult but realizable challenge that must be attained to 
meet future power requirements of 25 k¥ and higher. 

The only logical way to achieve such goals is to significantly reduce 
the cell thickness. Since the collection process in a GaAs cell takes place 
in the first few microns, theoretically such a cell could be made with a thick- 
ness on the order of 2 to 3 microns. However, thick substrates do provide 
physical strength to the cell so there are limits as to how thin cells can 
be fabricated before breakage becomes a very serious problem. In this program, 
the thickness goal was set at 50 microns or less. It is very unlikely the other 
goals will be met if the thickness exceeds 50 microns. 

The $300/watt cost goal translates to slightly less than $30 per 2x2 cm^ 
cell. It is not the intention of this program to fabricate cells at this cost, 
but to identify fabrication processes that could reduce GaAs cell costs to 
this level on a large quantity scale. While cell cost is important, it is 
secondary to the power to weight ratio. 
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VARIAN APPROACH 


The approach chosen by Varian on this program is to first optimize a 
thick ( ~300ym)AlGaAs/GaAs structure using the organometallic vapor phase 
epitaxy (OM-VPE) growth method. The OM-VPE process allows superior control 
in the growth of the various cell layers. Techniques such as a graded junction 
and base plus a back surface field (BSF) are expected to increase efficiency. 
Any combination of these is possible with OM-VPE plus the option of growing 
n on p or p on n devices. The optimum structure will be identified through 
a combination of material growths and an advanced computer model. 

Since currently existing GaAs computer models do not account for effects 
such as junction grading and base grading, a more advanced model is to be 
developed. The approach is to divide the cell into 50 or so thin layers 
with the doping, composition, mobility, etc., assumed constant in each. The 
layers are then coupled by their boxmdary conditions, and the solution to each 
layer is analytic in form. The model will be verified and modified to incor- 
porate the results from the initial experimental material growths. It will 
then be used as an analytical aid in developing the optimum structure with 
further material growths verifying the results . 

The optimized AlGaAs structure will be thinned via a stop etch technique 
which has been used in the production of photocathcdes at Varian. The idea 
is to grow a thin AlGaAs stop etch layer on the substrate at an appropriate 
postion to get the desired thickness. The cell active layers are grown, front 
contacts are attached, an AE coating is formed, and the cell is then glass 
bonded. The substrate is then chemically etched away to the stop etch layer. 
The result is a thin glass bonded cell that must only be back contacted. An 
alternate approach is to simply polish the substrate to between 30 to 50 
microns . Both methods will be employed and compared to determine the yield 
vs performance tradeoff. 

The method may seem costly; however, a detailed study by Varian indicates 
otherwise. Also, a galliim recovery process would be possible in a large 
scale production facility. A cost study is planned toward the end of this 
program . 


PROGRESS 


Considerable progress has already been made in the first six months of the 
program. Most of the work has been fabricating and testing of various material 
growths to determine the optimum structure. While grading the doping level in 
the base and the use of a BSF have proved effective, the graded windows have 
reduced cell performance. Based on the spectral response curve, it appears 
the graded windows are absorbing too much blue. The best cell had a BSF and 
graded base. Work is now underway to determine the most optimum way to 
utilize these features. 
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The basic cell structure is sho'vm in figure 1. It is an OM-CVD grown 
p on n GaAs solar cell. The n type base layer is linear graded from 7 x 10^"^ 
to 2 X 10^° Se atoms/cm3. Earlier material growths indicate the base grading 
should begin within the first micron from the junction. This can be modeled 
analytica,lly by computer if exponential grading is assumed, thereby providing a 
constant electric field in the base. It is felt a graded base will build a 
field to force minority carriers towards the jimction thereby improving effi- 
ciency. 


A BSF is formed by inserting a thin (1300A) layer of AlGaAs within the 
base and 1-1.5 microns from the junction. The BSF can be modeled as a zero 
recombination velocity boundary condition to the base. The purpose of the BSF 
is to confine carriers in the base, so they can be collected rather than lost 
to the substrate . 

o o o 

The p type emitter layer thickness is lOOOA, 2000A or 3000A in selected 
samples. The dopant is 2 x IQI^ zinc atoms/cm^. The top window layer is 
approximately 1300^ in thickness and is a AlgGa2As composition doped with 
1 X 10^^ zinc atoms /cm3. 

The alternative n on p structure is currently being considered and 
several material growths are being fabricated. Because of the higher mo- 
bility of n-type GaAs, the n doped emitter layer can be made much thigner. 

The emitter layer thickness for the n on p device will be iiOOA to 800A in 
selected samples. The n on p structures will be carefully evaluated to 
deteimiine if any advantages exist over p on n structures. 

Thinning via the polish back method and the stop etch technique is 
scheduled to begin by early spring 1982. 


BLANKET TECHNOLOGY 


In the near future, the Air Force plans to combine the thin GaAs cell 
with other technologies to develop light weight, hardened solar blankets. 

The other technologies include adhesiveless covers such as the p lasma Acti- 
vated Source (PAS) integral covers and Electrostatic Bonding (ESB), high 
temperature contacts and welded interconnects to reduce the vulnerability 
to laser threats . The objective is the development of a blanket with a BOL 
power to mass ratio of 250 watts/kg and at least 200 vatts/kg after 1 x 10^5 
(l Mev) electrons/cm^ , 

Using current technology with 200 micron thick Si cells, a blanket level 
power to mass ratio of ll6 watts/kg at BOL and 85 watts/kg after 1 x 10I5 
(1 Mev) electrons/cm^ is considered good, reference 2. Unfortunately, the 
current technology cannot meet the higher power requirements expected for 
the near future . Since covered cells account for three quarters or more of 
the total blanket weight, it is obvious that the blanket power to weight ratio 
goals can only be met with thin, high efficiency solar cells with low mass 
covers. Such cells combined with high temperature contacts, and welded inter- 
connects can meet the power to weight goals and significantly increase the 
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military hardness without incurring additional weight. 

Using the following weight assumptions, the hlanket level goals can he 
put into perspective with the successful development of the thin 2 mil GaAs 
cell . 


.0279 g/cm^ 
.0670 g/cm^ 
.0027 g/cm^ 

.0099 g/cm^ 
.OOU 2 g/cm^ 
.1117 g/cm^ 


2 mil GaAs solar cell 

12 mil 79^0 fused-silica 
1 mil DC-93-500 adhesive 

3 mil Kapton-Al hlanket 
Aluminum interconnect weight 
Total hlanket weight 


Assuming an l8^ BOL, 13.5^ EOL efficient cell provides a hlanket level power 
to weight ratio of 217 watts/kg BOL and 163 watts/kg EOL. It should he noted 
the major weight cost is in the coverslide. The cover provides significant 
attenuation of proton irradiation, and the amount of protection is directly 
related to the glass thickness. Tradeoffs between coverglass thickness and 
EOL efficiency must he made for each mission to optimize EOL power to weight 
ratios. Clearly these numbers indicate a need for low areal density covers 
that are effective against particulate irradiation. 


CONCLUSIONS 


The work being performed at Varian represents a relatively straight 
forward approach towards the development of thin, high efficiency GaAs solar 
cells. The Air Force has a very strong interest in the development of light 
weight space power systems. Eventually, the thin cell technology will he 
combined with other appropriate technologies towards the development of light 
weight, military hardened solar array blankets. 


REFERENCES 


1. Low Cost GaAs Solar Cell Development — Air Force Contract #F336l5-8l-C- 
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FIGURE 1 CELL STRUCTURE 
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FROGRbSS TOWARD THIN-FILM GaAs SOLAR CELLS USING A SINGLE- 
CRYSTAL Si SUBSTRATE WITH A Ge INTERLAYER* 

Y.C.M. Yeh, K.L. Wang, and S. Zwerdling 
det Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

EXTENDED ABSTRACT 


INTRODUCTION 


The objective of our research program is to develop a technology for 
fabricating light-weight, high-efficiency, radiation-resistant solar cells 
for space applications. The approaches currently adopted are to fabricate 
shallow homojunction n‘*'/p as well as p/n A1 GaAs-heteroface GaAs solar cells 
by organometal 1 ic chemical vapor deposition (OM-CVD) on single-crystal Si 
substrates using in each case, a thin Ge epi -interlayer first grown by CVD. 
This approach maintains the advantages of the low specific gravity of Si 
as well as the high efficiency and radiation-resistant properties of the 
GaAs solar cell which can lead to greatly improved specific power for a 
solar array. The intermediate goals of the program are to investigate the 
growth of single-crystal GaAs epilayers on Ge epi-interlayers on Si substrates 
and to develop related solar cell fabrication technology. This paper reports 
on our progress toward these intermediate goals. 


EXPERIMENTAL 


In the experiment involving the growth of a GaAs/Ge/Si structure, Ge 
epi-interlayers were first grown on (100) single-crystal Si substrates in 
a vertical quartz CVD reactor at 700-725°C with a growth rate of about 0,1 
micrometer/min by pyrolysis of GeH 4 in a H 2 gas mixture. Subsequently, the 
growth of GaAs layers on the Ge epi -interlayer were conducted in a horizontal 
quartz CVD reactor at similar temperature range with a growth rate of about 
0.2 micrometer/min by pyrolysis of trimethyl gallium (TMG) and arsine (ASH 3 ) 
in a H 2 gas mixture. 


*The research described in this paper was performed at the Jet Propulsion 
Laboratory, California Institute of Technology, and was sponsored by the 
National Aeronautics and Space Administration, Office of Aeronautics and 
Space Technology, under Contract NAS7-100 with the Jet Propulsion Laboratory, 
and the United States Air Force (at Wright-Patterson AFB) through an agreement 
with the National Aeronautics and Space Administration. 
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In the development of the n‘*'/p GaAs shal low-homojunction baseline structure, 
GaAs p- and n-type layers were produced by alternately adding dimethyl zinc and 
hydrogen sulfide, respectively, to the OM-CVD gas stream, as the dopants. The 
active p-layer, about 2 micrometers thick, was doped to 1-2 x lO^^/cm^, whereas 
the n"*" layer about 40 nm thick was doped to 4 x lO^^/cm^ for low sheet resistance. 
Electroplated gold was used for grid and back surface contact coating, and the 
anti -reflection coating was made by vacuum deposition of Sb 203 . 


RESULTS AND DISCUSSION 


During the last Conference here at NASA Lewis, we reported the first 
successful growth of thin epitaxial layers of GaAs by OM-CVD onto a Ge epi- 
interlayer which was in turn grown onto a (TOO) Si substrate, with all epi- 
growth done by the CVD process. The structures thus produced were smooth, 
bright and shiny. However, some stress-induced cleavage lines and a high 
surface micropit density (about lO^/cm^) were observed by SEM and optical 
microscopy. The high micropit density of the GaAs films were a consequence 
of the initial high micropit density (about 6 x lO^/cm^) of the Ge epi-interlayer. 

In order to improve the Ge surface for subsequent GaAs growth, pulsed 
laser annealing experiments were first conducted. A Nd:YAG laser system at 
the laboratories of the Lockheed Missiles and Space Systems Division, Sunnyvale, 
California was used for these annealing studies. Annealing experiments were 
performed on Ge/Si samples with energy densities ranging from 0.35 to 0.79 
J/cm2 with a pulse width of less than 150 ns at a wavelength of 1.06 micrometers. 
The results at low energy density (0.35 J/cm^) showed that the annealed Ge 
epi -layer possessed a smoother surface morphology, but had a surface micro-pit 
density similar to the unannealed Ge films. On the other hand, at high energy 
density (0.79 J/cm^), some surface damage was evident. The best results were 
obtained when a laser energy density of about 0.64 J/cm^ was used. This led 
to a 10-fold reduction of the surface micropit density on the Ge layer from the 
original value of about lO^/cm^ (Fig. 1) to a value of about lO^/cm^ (Fig. 2) 
and a considerably smoother surface. Although the improvement in surface 
morphology of Ge is significant, the micropit density value was still too high. 
Therefore, experiments were conducted with the aim of improving surface morphology 
by modifying the Ge interlayer growth technique. 

The following steps were taken to improve Ge-crystal growth: 1) improving 
the leak-tightness of the CVD Ge growth system, 2) reducing the surface boundary 
layer thickness during Ge film growth by modification of the reactor design, 
and 3) a more effective initial purging of the system to minimize residual 
O 2 and H 2 O vapor contamination. Thus a reduction of surface micropit density 
by four orders of magnitude for the Ge interlayers was achieved. A photomicrograph 
(Fig. 3) of typical Ge/Si samples thus produced shows a surface micropit density 
corresponding to about 5 x lO^/cm^. 

Subsequently, GaAs films were deposited on those improved Ge/Si samples by 
OM-CVD. When a Ge/Si sample with a 0.5-mi crometer thick Ge interlayer was used 
as the substrate wafer, a smooth epi-GaAs film with low micropit density (less 
than 5 x lO^/cm^) and without cleavage lines, and having a large surface area 
(2cm X 2cm) can be made routinely by OM-CVD. A photomicrograph of such a 
GaAs/Ge/Si sample is shown in Fig. 4. This low micropit density value should 
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be adequate for solar cell (and other) applications, in view of the fact that, 
typically, a good single-crystal GaAs exhibits similar values of surface etch- 
pit density. 

In the development of the n'^/p shallow-homojunction GaAs baseline solar cell 
technology, further improvement in energy conversion efficiency has been achieved. 
The solar cell samples grown showed AMO efficiencies between 15% and 16%. 

Light I-V characteristics of the best cell with an area of 1 cm^ is shown in 
Fig. 5. The AMO energy conversion efficiency for this GaAs solar cell measured 
at 28°C is about 16% using a Spectrolab model XT-10 AMO simulator. This 
efficiency value is comparable to that reported by others employing the same 
nVp shallow-homojunction GaAs solar-cell structure. The AMO values of 

and FF for this cell were about 0.99V, 26.6 mA/cm^ and 0.81, respectively. 
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Fig. 1. SEM photomicrograph of a typical Ge film grown at 700°C on 
a (100) Si substrate, before laser annealing. 




Fig. 2. SEM photomicrograph of the Ge/Si smaple annealed at an average 
energy -density of about 0.64 J/cm^. 
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Fig. 3. 



Photomicrograph of a typical Ge film grown at 700°C on (100) 
Si substrate using the improved Ge-growth technology. 



Fig. 4. Photomicrograph of a.GaAs/Ge/Si sample with OM-CVD grown GaAs 
on a CVD-grown Ge interlayer. 





CURRENT DENSITY, mA/cm' 



VOLTAGE. V 


Fig. 5. Light I-V characteristics of a 1cm x 1cm - area n'^/p GaAs/GaAs 
solar cel 1 . 
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DIFFUSED P+-N SOLAR CELLS IN BULK GaAs* 


3.M. Borrego and S.K. Ghandhi 
I^.ensselaer Polytechnic Institute 
Troy, New York 

SUMMARY 


Recently melt grown GaAs, made by liquid encapsulation techniques, has 
become available. This material is of sufficiently good quality to allow the 
fabrication of solar cells by direct diffusion. This talk will describe results 
obtained with p’^-n junction solar cells made by zinc diffusion, and will evaluate 
the quality of bulk GaAs for this application. 


INTRODUCTION 


Gallium arsenide solar cells are conventionally made by the epitaxial 
growth of a junction structure on a heavily doped substrate. This process has 
been necessitated by the poor quality of starting bulk material, which is highly 
defected. Recently, however, melt grown GaAs made by liquid encapsulated 
Czochralski (LEC) techniques combined with in-situ compounding, has become 
available (ref. 1,2). These materials are of sufficiently good quality to allow 
the fabrication of solar cells by direct diffusion. 

This paper outlines results obtained with large area (0.5 cm ) p -n junc- 
tion solar cells formed in this way, using precisely controlled p'*’-diffusions 
made by an open tube process. 


EXPERIMENTAL 


Tellurium-doped n-type gallium arsenide of (100) orientation and 
5-8 X 10‘” cm""^ concentration, made by the LEC process, was used for this 
study. Slices were cut into suitable pieces, and given a brief Caro's etch 
(H 2 S 0 ^ : H 2 O 2 : H 2 O = 10 : 1 : 1 by volume) before use. 

The diffusion technique has been detailed previously (ref. 3), and will be 
summarized here. First, samples were placed on the platform of a resistance-heated 
susceptor in a cold wall reactor held at 350°C. A 1000 A layer of Zn0-Si02 was 


★ 

Performed on NASA-Lewis Research Center Grant No. NAG3-188. 
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deposited on the samples, by the simultaneous pyrolysis of diethylzinc [(C 2 Hc) 2 Zn] 
and silane (SiH^) in oxygen. This served as a doped oxide source for the subsequent 
diffusion step.^ 

O 

Next, without removing the samples, a 2000 A cap layer of PpOg-SiO^ was 
grown over the doped oxide layer. This layer was also grown at 350°C by the 
simultaneous pyrolysis of phosphine (PH 3 ) and SiH^ in oxygen. 

Diffusions were made in an open tube furnace with flowing nitrogen gas, and 
at temperatures from 500°C to 600°C. Junction depths from 500- 1000 A were 
obtained in this manner. No PSG cap layer was used on the back face because of 
the low temperatures involved. However, the back face of the slices was subse- 
quently etched to remove surface damage caused during diffusion. Ohmic contacts 
were made by evaporating 1000 A of Au-Ge of eutectic composition (12% Ge by wt), 
and heat treating in a N 2 /H 2 gas mixture of 450°C for 1 minute. 

2 

Solar cells of 0.5 cm area, were made as follows: After diffusion, positive 

photoresist was applied to delineate a grid patterned cell, and buffered HF used to 
cut the underlying glass layers. The grid structure was then electrolytically 
plated in a gold bath. A second photoresist layer was applied to define a rec- 
tangular pattern and the uncovered oxide regions were etched in BHF. Next, a 
rectangular mesa was etched in the GaAs, using Caro's etch. The cell was coated 
with 800 A of Sb 203 , after the removal of the remaining photoresist and glass 
layers. This film is easily deposited, and serves as an anti reflective coating. 

A number of small area cells of both the Schottky and p^-n junction type 
were also made for diagnostic purposes. These were used to test the quality of 
starting materials and its stability to thermal processing. 

The photoresponse of large area cells was measured in our laboratory at AMI 
(simulated with an ELH source and a detector calibrated against a Bureau of Stan- 
dards secondary standard). Some cells were measured by NASA at AMO as well. 

Finally, spectral response measurements were made on the large area devices. 


RESULTS AND DISCUSSION 


The Schottky devices, made on as-purchased GaAs, provided a baseline for the 
starting material. Schottky devices, on which the processing associated with the 
diffusion was simulated, provided information on the changes undergone by the 
GaAs due to this heat treatment. The short circuit current density for these 
cells, measured with no AR coating under simulated AMI conditions, was found to be 
only slightly changed (from 13.1- 13.6 mA/cm^) after thermal processing at 600°C 
for 30 minutes under the PSG cap layer. Small area p'''-n cells, on the other hand, 
exhibited a consistently higher value of short circuit current (15.6 mA/cm^). 

The reasons for this improvement, caused by the in-diffusion of zinc, are under 
investigation at the present time. 

Table I shows the measured performance of a large area AR-coated cell made 
by this diffusion process. Both data at AMI and AMO are provided for comparison 
purposes. As expected, the short circuit current density is 24% larger under AMO 
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conditions, but the fill factor and efficiency are essentially unchanged. 

Analysis of In I vs. V characteristics has shown that the relatively low fill 
factor in these cells is caused by a high value of ideality factor (n - 1.6) 

which was typical for p'*'-n junctions in the LEG material. 

Figure 1 shows the results of spectral response measurements on a large 

area cell, as well as a computer simulation based on a device with the following 

parameters : 

O 

Junction depth = 1000 A 

Zero-bias depletion layer width = 1000 K 
Surface recombination velocity = 10® cm/sec 
Hole diffusion length = 1.4 ym 

Experimental measurements of junction depth and hole diffusion length (ref. 4) 
agree well with those used in the model. Computer simulations have also indicated 
where device design and material properties must be altered (improved) in order to 
optimize this cell structure. 


CONCLUSION 


This work has demonstrated the feasibility of making large area solar cells 
in bulk GaAs, by a simple open tube diffusion process. A cell efficiency of 12.2% 
has been achieved for AMO conditions, even though no attempts have been made to 
optimize the cell design or the AR coating. Computer simulation has shown direc- 
tions for obtaining improved cell performance. Further work, involving deep level 
transient spectroscopy, is in progress to understand the effects of zinc diffusion 
into gallium arsenide. 
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ADVANCES IN LARGE-DIAMETER LIQUID ENCAPSULATED CZOCHRALSKI GaAs* 

R.T. Chen, D.E. Holmes, and C.G, Kirkpatrick 
Rockwell International 

Microelectronics Research and Development Center 


SUMMARY 

We have evaluated the purity, crystalline perfection, and electrical properties 
of n- and p-type GaAs crystals grown by the liquid encapsulated Czochralski (LEG) 
technique. This study included the determination of the dislocation density, 
incidence of twinning, microstructure, background purity, mobility, and minority 
carrier diffusion length. The properties of the LEG GaAs crystals are generally 
comparable to, if not superior to those of small -diameter GaAs material grown by 
conventional bulk growth techniques. As a result, LEG GaAs is suitable for 
application to minority carrier devices requiring high-quality and large-area 
substrates. 


INTRODUGTION 


The availability of high quality, large-diameter GaAs substrates is the key 
to the successful development and production of high-speed GaAs integrated circuits 
and high efficiency minority carrier devices, such as solar cells. The liquid 
encapsulated Gzochralski (LEG) technique (refs. 1-6) has provided a means for 
producing large-diameter GaAs with reproducible and thermal ly-stable semi-insulating 
properties suitable for GaAs integrated circuits and microwave devices. The 
purpose of this work was to further demonstrate the capability of the LEG growth 
technique to produce large-diameter, high-quality GaAs substrates suitable for 
minority carrier device applications. Attention was focused on materials properties 
relevant to minority carrier devices, including the dislocation density, incidence 
of twinning, microstructure, background impurities, mobility, and minority carrier 
diffusion length. We have evaluated these properties in n- and p-type 3-inch- 
diameter LEG GaAs crystals, and the results were compared with those from small - 
diameter GaAs crystals grown by conventional bulk growth techniques. 


LEG GRYSTAL GROWTH 

The doped and undoped, 3-inch diameter GaAs crystals used in this study were 
grown in a high pressure "Mel bourn" (Metals Research Ltd.) puller using the LEG 
technique. The LEG growth configuration is shown in Figure 1. The crystals were 
grown in the < 100 > direction from 6-inch-diameter quartz and pyrolytic boron 
nitride (PBN) crucibles. The GaAs melt was prepared by in-situ synthesis (ref. 1), 
starting with a charge of high purity (6-9' s) Ga and As weighing 3 Kg. The crystals 
typically weighed from 2.2 to 2.4 Kg. The ambient pressure (Argon) during growth 
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was typically 300 psi. The seed and crucible were both rotated counter-clockwise 
at 6 and 15 rpm, respectively. For n- or p-type doping, zone-refined Si, high 
purity (5-9's) Ga 2 Se 3 , orZn 3 As 2 was added to the charge. The resulting carrier 
densities ranged from 1 x 10^5 to 1 x 10^ ^cm"^. 

The crystal diameter was controlled by adjusting the heater temperature and 
the cooling rate in response to changes in the differential weight signal obtained 
from the "load cell", a special weighing device on which the pull shaft was mounted. 
An increase or decrease of the differential weight indicated a corresponding 
expansion or contraction of the crystal. Growth was typically initiated by re- 
ducing the diameter of the crystal below that of the seed. This procedure is 
referred to as Dash-type seed necking (ref. 7). The diameter was then allowed to 
expand controllably, forming the "cone". Expansion was terminated at the "shoulder", 
and the diameter of the crystal was held constant for the remainder of the growth 
process, forming the "body". 

Figure 2 shows a 3.6 Kg, 3-inch diameter, (100) LEG GaAs ingot grown at our 
laboratory illustrating the excellent diameter control (< ± 2mm) that can be 
achieved. Approximately 130, (100) wafers with a thickness of about 0.025 inch 
can be obtained from such an ingot. 

CHARACTERIZATION METHODS * 

The crystals were evaluated in terms of crystalline perfection, electrical 
properties and purity. The wafers used for analysis were cut from the front, 
middle and tail of the crystals, then lapped and polished on both sides. Dis- 
location densities and distributions were evaluated by preferential etching (KOH 
for 25 min. at 400°C). This etch attacks dislocations intersecting the surface of 
the sample, forming hexagonal etch pits. The microstructures were examined by 
transmission electron microscopy (TEM). A chemical jet etching technique using 
lOHCl :1H202:1H20 etching solution was applied to produce TEM foils with thicknesses 
less than 4000A. The background impurities were determined by secondary ion mass 
spectrometry (SIMS). Carbon was determined by infrared localized vibrational mode 
(LVM) absorption measurement (ref . 8). The carrier concentration and mobility were 
determined by Hall effect measurement, and the minority carrier diffusion length 
by SEM-EBIC measurement (refs. 9-12). 

RESULTS AND DISCUSSION 
Reduction of Dislocation Density 

A principal cause of dislocations in bulk GaAs crystals is stress induced by 
thermal gradients (refs. 13-16) during crystal growth. The relatively high dis- 
location density observed in large diameter (> 2 inch) LEC GaAs has been a source 
of some concern in applying large-diameter material to minority carrier devices. 

In the present study, we have investigated optimum growth parameters to substantially 
reduce the dislocation density in 3-inch LEC GaAs crystals. 

The distribution of dislocations across wafers exhibits four-fold symmetry 
indicative of the < 100 > crystal lographic orientation, as shown in figure 3. 

A microscopic view of the dislocation distribution, as shown in figure 4, clearly 
shows large variations in etch pit density (EPD). The main features of the dis- 
tribution are: (1) minimum EPD occurs over a large annulus between the center and 
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edge (Region!, or "ring" region); (2) intermediate EPD occurs in the center (Region 
2, or "center" region); (3) maximum EPD occurs at the edge (Region 3, or "edge" 
region). In addition, the EPD in the ring and edge regions is greater along the 
< 100 > than the < 110 > direction (See figure 4). Figure 5 indicates measured EPD 
distributions across the full diameter of wafers which typically followed a "W"- 
shaped profile, and invariably increased from front to tail, indicating that the 
overall level of stress increased along the crystal, or that the dislocations 
multiplied after growth, or both. It is important to note that the EPD values at 
the center and ring regions represent over 75% of the area of the wafer. Therefore, 
the averaged EPD from these two areas is indicative of the EPD value for the entire 
wafer. Our experimentally determined radial EPD distributions are consistent with 
theoretical thermoelastic analyses of Czochralski crystals by Penning (ref. 13) 
and Jordan et al . (refs. 15, 16). 

Through the use of good quality seeds (EPD < 5000 cm“^), seed necking (if EPD 
> 5000 cm"^), shallow cone shaping (~ 30°), thicker B 2 O 3 encapsulant layers, and 
good diameter controls ( <± 3mm), we have routinely produced 3-inch undoped LEG 
GaAs crystals with significantly reduced dislocation densities as shown in table 
I. Further reductions have been attained at the front of the crystal using a 
slightly As-rich melt, low ambient (~ 3 atm) pressures (see table I), or Se-doping 
([Se] ~ 3 X 10*^cm"^) (see table II). Dislocation densities as low as 6000 cm~^ 
were observed, which is the lowest density reported for 3- inch diameter LEG GaAs 
wafers. Finally, substantial reduction in dislocation density (~ 3.5 x 10^cm”2) 
has also been achieved at the tail of the crystal through a slow pull-free process, 
as shown in table I. In contrast to the regular fast pull -free process used to ter- 
minate the crystal growth process, the pull -rate did not increase in the slow 
pull-free process in order to significantly reduce the thermal shock during the 
pull -free process. 

No dislocation reduction effect was observed for Si or Zn doping up to 
2 X IOI 8 and 1 x 10^ ^cm“3, respectively. In contrast to Bridgman growth (ref. 17), 
a higher dislocation density was observed in Si -doped LEG GaAs crystals as com- 
pared to that of the undoped crystals. The result can be explained by the viscosity 
reduction in the B 2 O 3 encapsulant (i.e. increasing thermal stress) due to the 
increase of Si content in B 2 O 3 (ref. 18). 

Our EPD results observed in the present study (see tables I and II) are 
comparable to commerical 2-inch, undoped D-shaped Bridgman-grown GaAs, as shown 
in table III. Moreover, the observed values are at least 5 to 10 times lower than 
commercial 2-inch and 3-inch LEG GaAs crystals (see table III). 

Reduction of Twinning 

A major problem which has affected the yield of GaAs material suitable for 
device processing has been the incidence of twin formation. We have found that 
the melt stoichiometry is an important parameter in controlling the formation of 
twins in 3-inch-diameter, 000)LEG GaAs crystals. The results of our study 
show that the incidence of twinning is considerably reduced when undoped or doped 
crystals are grown from As-rich, near stoichiometric melts. Only 4 or 12 (33%) 
undoped crystals grown from Ga-rich melts were single. On the other hand, 11 of 
13 (85%) undoped crystals and 8 of 9 (90%) doped crystals grown from As-rich melts 
were single. Furthermore, the incidence of twinning could not be correlated with 
other growth parameters, such as the wetness of B 2 O 3 (for [H 2 O] < 500 ppm), the 
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cone angle, the fluctuation in the diameter of the crystal, or the type of the 
crucible. The achievement of high single crystal yield (~ 90%) in the LEG 6aAs 
crystals indicates a significant advantage over the conventional Bridgman growth 
technique, in which the single crystal yield is usually substantially reduced by 
the crystal sticking to the boat. 

Microstructures Observed by TEM 

In general, microstructures free of stacking faults, low-angle grain boundaries 
and dislocation loops, except a few dislocations, can be observed for all undoged 
LEG GaAs crystals, as well as crystals with Se, Si and Zn doping up to 2 x 10 
3 X 10'° and 1 x 10‘^cm~3, respectively. However, as the Se doping increases to 
greater than 2 x 10^°cm~°, stacking faults and dislocation loops, as shown in 
figure 6, can be observed. Our results are consistent with that of high-quality 
Bridgman-grown materials. 


Background Impurities 

The averaged concentrations of background shallow-donor (Si, S, Se and Te) 
and metal (Mg, Gr, Mn, Fe and B) impurities in the 3-inch-diameter LEG GaAs grown 
from both quartz and PBN crucibles as determined by SIMS measurements are shown in 
table IV. With the exception of Si and B the impurity concentration levels are 
exceedingly low. Many measurements are either at or below the typical background 
sensitivity of SIMS technique, suggesting that LEG material in some cases is purer 
element-by-element than the standard used to check the SIMS background sensitivity. 
The concentration of both Si and B range from 1 x 10^^ to 3 x 10'®cm“°, and from 
6 X 10l4 to 2 X 10'°cm“3, respectively. B is the isoelectronic impurity in GaAs, 
no indication of the electrical activity of B in LEG GaAs has been observed. 

G as determined by LVM measurements is present at levels varying from about less 
than ~ 1 X 10'^cm“° (detection limit) to 1.3 x 10'°cm“^. Therefore, G is expected 
to be a dominant acceptor in LEG material. 

We have found that the variability in Si and B levels is dependent on varia- 
tions in the H2O content of the B2O3 (ref. 19). H2O in the encapsulant reduces the 
transport of Si through the B2O3 from the quartz crucible to the melt. In addition, 
the presence of H2O reduces the pick-up by the melt of B from the B2O3. Si -doped, 
n-type LEG GaAs with an electron density less than 5 x 10^6cm"° can, therefore, 
only be grown from quartz crucibles using "dry" B^O^ ([H20]< 500 ppm). 

Our analysis of the background metal impurities, such as Fe, Gr, and Mn, 
shows virtually no difference between LEG and Bridgman material, as indicated in 
table IV. The background concentration of the residual donor S is also comparable. 
Although the Si concentration varies in LEG material grown from quartz crucibles. 

Si contamination is virtually eliminated by growing from PBN crucibles. As a 
result, the background Si concentration in LEG GaAs is typically more than one 
order of magnitude lower than in Bridgman material. Our highest purity material 
had a concentration of total donors and acceptors (Nq + N^) of about 4 x 10l5cm"3, 
but the typical purity is about 1-2 x 10'°cm"^. 
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Mobility 


The dependence of the electron mobility on the free carrier concentration of 
our material is shown in figure 7. The Se-doped LEC samples have a mobility of 
approxit^ately 4000 and 2500 cm^/Vsec corresponding to electron densities of 
1 X lO*' and 1 x loT^cm”’^, respectively. A slightly lower mobility is observed 
for the Si-doped samples indicating higher compensation. In general, the mobility 
curves show a peak for an electron density of ~ lO^^cm-S. The reduced mobilities 
at lower electron concentrations are probably due to compensation controlled by 
background impurities or native defects. Our mobility results are consistent with 
statistical analysis of hundreds of crystals grown by conventional bulk-grown 
methods reported recently by Mullin et al. (ref. 20). In addition, a comparison 
of our results to the theoretical mobility-electron concentration relationship for 
GaAs, indicates that our material is characterized by low compensation ratios 
(0.3 to 0.4) consistent with the statistical behavior of other bulk GaAs materials. 

Good mobility was also observed for the p-type LEC GaAs, as shown in^figure 8. 
Hole mobilities as high as 330 cm2/Vsec (for hole concentration ~ 1 x 10 °cm"2) 
were observed for the LEC material grown from undoped Ga-rich melt using a PBN 
crucible. Mobilities as high as 210 cm2/Vsec were observed for Zn-doped material 
with ~ 4 X 10‘'cm“3 hole concentration. Elliott et al . (ref. 21) have explained 
the p-type conduction of the undoped LEC GaAs in terms of the 77 meV acceptor 
(ref. 22). The origin of this acceptor is probably the Gaa^ antisite defect. Our 
mobility results for the p-type LEC GaAs are also comparable to the comemrcially- 
available, high-purity, small -diameter Bridgman-grown GaAs, as shown in figure 8. 

Minority Carrier Diffusion Length 

Good hole diffusion lengths (as high as 1.3 jum) have been observed for n-type 
(Se- or Si-doped), 3-inch-diameter LEC GaAs crystals, as shown in figure 9. The 
measured values are comparable to those of n-type bulk GaAs grown by conventional 
methods reported by Sekela et al . (ref. 12). The electron diffusion length has 
only been determined for one p-type undoped LEC GaAs crystal grown from Ga-rich 
melt in a PBN crucible (table V). A diffusion length as high as 5.3 jum is observed 
in the material. This value is close to the 8 /xm electron diffusion length reported 
for both p-type high-purity MOCVD and LPE layers (refs. 10, 11 and 23). 

No correlation was observed between the dislocation density and diffusion 
length for either n- or p-type LEC GaAs. A similar observation has been reported 
by Sekela et al . (ref. 12) for n-type bulk GaAs. Finally, it is of interest to 
note that the hole diffusion length as well as the hole concentration across the 
full-diameter wafer decrease towards the edge, as shown in table V. Since a 
constant hole mobility was observed across the wafer and no correlation between 
the diffusion length and dislocation density was detected, the decrease of the 
diffusion length may be attributed to an increase of an unknown donor concentration 
toward the edge of the wafer. Further work is still needed in this area. 
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CONCLUSION 


We have shown that large- diameter, n- and p-type LEC GaAs can be grown with 
a low-dislocation-density, high purity, long minority carrier diffusion lengths, 
and high mobility. A high single crystal yield (~ 90%) and clean microstructures 
have also been achieved in these materials. The properties are comparable to 
smal 1 -diameter GaAs crystals grown by conventional bulk growth techniques. Our 
results showing low dislocation densities and long diffusion lengths indicate that 
the dislocation density will not be a limiting factor for the application of 
3- inch-diameter LEC GaAs crystals to minority carrier devices, such as solar cells. 
The low background impurities, consistent with high mobility and long diffusion 
length, also ensure the use of these materials as both passive and active substrate 
materials in these devices. We, therefore, conclude that for minority carrier 
devices requiring high-quality and large-area substrates, the 3-inch-diameter LEC 
GaAs crystals are indeed an excellent material for such applications. 
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TABLE I. DISLOCATION DENSITY REDUCTION IN UNDOPED 3-INCH LEC GaAs 


Front 

(cm‘^) 

Tail 

{cm-2) 

1) 12 X 10^(6 X 10^*) 

9.0 X lo'^ (3.3 X 10^^) 

2) 1.8 X lo'^(1.3 X 16^*) 

1.0 X 10® (3.5 X lo'*'^) 

3) 2.0 X 10®(9 X 10^*) 

2.2 X 10® (1.1 X 10®^) 


‘Grown by low ambient pressure (~ 3 atm) 
+Grown by slow pull -free process 


TABLE II. DISLOCATION DENSITY REDUCTION IN DOPED 3-INCH LEC GaAs* 


Front 

(cm-2) 

Tail 

(cm*®) 

1) 6 X 10® 

1) 6.1 X 10'‘ 

2) 1.1 X 10^ 

2) 1.2 X 10® 

3) 1.7 X 10® 

3) 1.7 X 10® 


*Se-dop1ng {n^ ~ 2 x lo’®cm‘^) 


TABLE III. DISLOCATION DENSITY FOR COHHERICALLY AVAILABLE 2-OR 3- 
INCH BRIDGMAN AND LEC GaAs CRYSTALS 


2 INCH - 

Bridgman (D-shaped) 
LEC 

E.P.D. (cm*®) 

~ 2 ~ 3 X 10^ 
>4x10^ 

3 INCH - 
LEC 

> 4 X lo'^ (Front) 

> 3 X 10® (Tail) 


6 













TABLE IV. BACKGROUND IMPURITY ANALYSIS OF LEG GaAs 


GROWTH 

TECHNIQUE 

CRUCIBLE 

■ 

S* 

Tt 

Mq 

H 

Mn 

Ft 

9 * 

S) 

■ 

LEC* 

QUARTZ 

1.3«15 

<1*14 

<1*14 

<5*14 

<6a14 

<1*15 

<3i1E 

^15 

(NO*9e1S) 

Hj 

4t14- 

2*17 

LEc'’ 

D 

1.U16 

<S«14 

<E*13 

2*14 

<B«14 

<1t1S 

<3*15 

2-13t15 

<1*15 

4t14- 

2t17 

BRIDGMAN* 

QUARTZ 

3<1S 

3«14 

B 

S«14 

<5(14 

Bt14 

5*16 

B 

2ttft 

<2*14 


* 7 CD VSTAI.S ANALYZED AND AVERAGED. ** 12 CRYSTALS ANALYZED AND AVARAGED. 

‘ 4 CRYSTALS ANALYZED AND AVERAGEb. 'CARBON DETERMINED BY LVM. 


TABLE V. ELECTRON DIFFUSION LENGTH IN P-TYPE LEC GaAs 


WAfER NO. 

CRUCIBLE 

DOPANT 

SAMPLE 

LOCATION 

FREE HOLE 
CONCENTRATION 
(cnT^I 

DIFFUSION* 

LENGTH 

Uim) 

MQBIMTY 

R20-F 

P8N 

NONE 

center 

1.33* 1o’* 

6.3 

315 



(G»-RICHMELTI 

RING 

1.10*10’* 

4.1 

315 




NEAR edge 

1 . 0 ? xio’* 

2.3 

316 


'ELECTRON DIFFUSION LENGTH —S iim REPORTED FOR BOTH p-TYFE MOCVD AND LPE LAYERS. 
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Figure 2. A 3.6 Kg, 3-inch Diameter, 
(100) LEG GaAs Crystal with Diameter 
Variation Less Than ± 2mm. 



Region 1 


110 > 


<100 > 


^^Region 3 


Figure 3. Radial Dislocation Density Map for 3-inch GaAs LEG wafers. 
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Figure 4. Etch Pit Density Map for a (100) LEG GaAs Wafer. 
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RADIAL DISLOCATION DENSITY 
IN 3-INCH LEC CRYSTAL 


MKOC 16777 



OISTANCe ALONG SLICE IN 110 OIRECTION.cn> 


Figure 5. Radial and Longitudinal Dislocation Density 
for Large-diameter LEC GaAs Crystal. 



Figure 6. B.F. Micrograph for a Se-doped LEC GaAs 
sample with [Se] ~ 7 x lO^^cm'^. 
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FREE ELECTRON CONCENTRATION (cm"^) 


Figure 7. Mobility vs. Free Electron Concentration 
for n-type EEC GaAs. 



Figure 8. Mobility vs. Free Hole Concentration 
for p-type EEC GaAs. 
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HOLE DIFFUS.ION LENGTH (urn) 



FREE ELECTRON CONCENTRATION, (ctn'^) 


Figure 9. Hole Diffusion Length vs. Free Electron 
Concentration for n-type LEC GaAs. 
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GaAs SOLAR CELLS FOR CONCENTRATOR SYSTEMS IN SPACE* 


R.Y. Loo, R.C. Knechtli, and G.S. Kamath 
Hughes Research Laboratories 
Malibu, California 


ABSTRACT 


A number of solar cell systems operating with concentrated sunlight are being 
considered for space applications. GaAs solar cells are specially attractive for such 
systems. Even modest solar concentration ratios lead to substantial increases in the 
efficiency of the GaAs cells. This compounds the superior efficiency which these 
cells already exhibit in the absence of solar concentration. 

We have made cells for operation in space up to more than 100 suns and have 
obtained an AMO efficiency of 21% at 100 suns with these cells. The increased 
efficiency resulted not only from the higher open circuit voltage associated with the 
higher light intensity (higher short circuit current); it also benefitted from the 
increase in fill factor caused by the lower relative contribution of the generation 
recombination current to the forward bias current when the cell’s operating current 
density is increased. 

Another attractive feature of these GaAs concentrator solar cells is their 
ability to retain a good efficiency up to high temperatures. The experimental cells 
mentioned above exhibited an AMO efficiency close to 16% at 200°C, The prospect of 
exploiting this capability for the continuous annealing of radiation damage or for 
high temperature missions (e.g,, near sun missions) remains therefore open. 

Space systems with concentration ratios on the order of 100 suns are presently 
under development. We will show that the tradeoff between increased concentration 
ratio and increased loss due to the cell’s series resistance remains attractive even 
for space applications at a solar concentrator ratio of 100 suns. In the design of 
contact configuration with low enough series resistance for such solar concentration 
ratios, the shallow junction depth (<0.5 pm) needed for good radiation hardness and 
the thin AlGaAs layer thickness needed to avoid excessive optical absorption losses 
have to be retained. This leads to some constraints which are more severe for space 
cells than for terrestrial applications. However, even with these constraints, high 
AMO efficiencies remain attainable at 100 suns for space cells, as shown above. 

INTRODUCTION 


Concentrator solar cell systems are of interest for space applications because 
of the prospects of providing lower cost systems with longer life in the radiation 
environment representative of practical space missions. The GaAs solar cells are 
especially attractive for this purpose because of their superior efficiency and 
resistance to radiation damage, together with their ability to operate efficiently at 
higher temperatures than silicon solar cells. One important observation is that the 
GaAs solar cells’ efficiency, which is already high in the absence of solar concen- 
tration, Increases even further with increasing solar concentration. Another import- 
ant property of the GaAs solar cells is their ability to substantially recover from 

* Work supported by NASA LeRC, Contract No» NAS3-22227 
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radiation damage by annealing at temperatures as low as 200°C. One consequence of 
these features is the possibility of combining both the high solar concentration and 
high temperature properties of GaAs solar cells so that they can be operated continu- 
ously in space for long periods of time. An alternate option is to provide capabili- 
ties for periodic annealing of the cells. 

While several groups have had an active interest in the development of GaAs 
solar cells for concentrator applications^*^, most of this work had been directed to 
terrestrial applications. Our own work is specifically directed to space applications. 
This means that we are interested in AMO efficiency rather than AMI or AM2 perform- 
ance. Furthermore, the need to minimize radiation damage limits us to consider only 
cells with relatively shallow junction depth (< 0o5 pm). Finally, because of the 
difficulty of cooling in space, we have an additional incentive to operate at 
relatively high temperatures. 

In this report we consider specifically two cell designs; a large square 
2 cm X 2 cm cell for space systems operated at relatively low solar concentration 
ratios (on the order of 10 suns), and a small concentrator cell with 4 mm diameter 
circular active area for high solar concentration systems operated at >100 suns. 

CELL DESIGN 


Figure 1 shows the baseline design for our space concentrator cell. This design 
follows the same guidelines as the space qualified GaAs cells reported in our 
earlier work.^ As indicated above, the special features of our concentrator cells are 
the thin (AlGa)As window layer (< 0.5 pm) and shallow junction depth (0.5 pm). Figure 
2 shows the calculated efficiency of our GaAs cells as a function of solar concentra- 
tion ratio with normalized series resistance as a parameter. This provides the 
guidelines needed for the design of our cells* contacts. More specifically, figure 
2 shows that we have to keep <0,1 0, cm^ for our large 2 cm x 2 cm cells to avoid 
excessive penalty in efficiency for concentration ratios up to X = 10 suns. Alter- 
nately, for our small 0.4 cm diameter cell designed for operation at X = 100 suns, 
we wish to keep Rg^ -<0.01 cm^. 

The gridline designs adopted to satisfy these requirements are shown on figure 

3. The large cell (2 cm x 2 cm) has 80 guidelines running in parallel to each other. 

Each finger linewidth is 20 pm wide. There are two bus bars connecting the fingers 
at each end of the cell. The small circular cell has 90 radial gridlines extending 

from a radius of 2 mm down to 0.75 mm, 36 radial fingers from a radius of 0.75 to 

0.50 mm and 12 radial fingers from a radius of 0.50 mm to 0.25 mm. The width of all 
fingers is tapered from 10 pm at the outer radius to 5 pm at the inner radius. The 
finger height is nominally 3 pm in all cells (Ag overlay). The corresponding contact 
finger metal resistivity is 2 x 10“° cm. The average resistivity of the semicon- 
ductor p— layer is 2 x 10“^ Q, cm^. The metal-semiconductor interface resistance 
(normalized to the actual contact finger area, not to the total solar cell areas) is 
taken to be equal to 1 x 10“^ cm^. This latter value falls within the range of 
values measured on our experimental cells. With these values and the contact con- 
figuration described above, the calculated normalized series resistances are 
0,04 cm^ for the 2 cm x 2 cm cell and 0.01 ficm^ for the 0,4 cm diameter cell. These 
calculated values fall within the range specified above by inspection of figure 2. 

CELL FABRICATION 


Our GaAs concentrator solar cells were fabricated with the same infinite melt 
liquid phase epitaxial growth (LPE) technique now routinely used for the batch 
fabrication of our conventional 2 cm x 2 cm space qualified cells. We used photo- 
lithography for the fabrication of the front contact. We have selected to make 
direct contact to the (AlGa)As layer even though this is more difficult to do with 
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conventional techniques than making contact to the GaAs. We have overcome the 
difficulty of contacting to (AlGa)As by using sputter-deposition of the initial layers 
of AuZn on the (AlGa)As, For the back contact, we use conventional vapor deposition 
of Au Ge Ni. A 3 pm thick Ag overlay is plated to both front and back sides of the 
metallization in order to reduce the finger gridline resistance. Finally, the cells 
are coated with 650A of Ta 205 for antireflection coating. 

TEST RESULTS 

Figure 4 shows a set of measurements performed on the large 2 cm x 2 cm cells 
designed for operation at a concentration of X = 10 suns; figure 5 shows the measure- 
ments of the small cells (0.4 cm diameter active area) designed for operation at 
X = 100 suns. The efficiencies shown on figure 4c and figure 4d at concentration 
ratio up to X = 10 suns for our 2 cm x 2 cm concentrator cells are relatively low 
and compare unfavorably in the absence of concentration with our conventional 2 cm x 
2 cm GaAs solar cells. While the cause for this deficiency has been identified 
(inadequate AR coating), no additional cells of this type were made to correct this 
deficiency prior to this meeting. Higher priority was given to the development of 
the smaller cells for operation at 100 suns. This led to the rewarding results (high 
AMO efficiencies) shown on figure 5c and 5d for operation at 100 suns with those cells. 

The effect of temperature on the short-circuit current of our cells is shown on 
figure 4a and 5a. The increase of short-circuit current with temperature exhibited 
by these measurements is explained in part by the narrowing of the bandgap of GaAs 
with increasing temperature (dEg/dT=^-5 x 10"^ eV/°K). This feature is helpful inso- 
far as it partly compensates the loss of open-circuit voltage caused by increasing 
temperature. The loss of open-circuit voltage with increasing temperature is shown 
on figure 4b and 5b. It is found to be dV^^/dT - -2 mV/°K and closely matches the 
theoretically calculated value. The loss of efficiency with increasing temperature 
results from the combination of the changes in open-circuit voltage, short-circuit 
current and fill factor with increasing temperature. The measured values of effici- 
ency versus temperature are shown on figure 4c and 5c. We observe that in the 
absence of solar concentration, the efficiency obtained at an elevated temperature 
of 200°G is still 11% for both types of cells. Furthermore, this efficiency becomes 
even higher when the solar concentration ratio is increased above unity. 

The increase in efficiency with increasing solar concentration results not only 
from the increased open-circuit voltage, it also benefits from the increased fill 
factor. The latter results from the decreasing relative contribution of the generation 
current in the depletion region at the junction when the GaAs solar cell operates at 
higher current densities. These beneficial effects are off-set at increasing solar 
concentrations by the growing power loss due to the series resistance. As shown 
below, our measurements confirm that this contribution becomes important at concentra- 
tion ratios in excess of 100 suns for our small cells. The measured data is shown 
on figure 4d and 5d, where the AMO efficiency is shown as a function of concentration 
ratio for the 3 temperatures of 25°C, 100°C, and 200°G, Alternately, the AMO effici- 
ency of our cells has already been shown as a function of temperature with the concen- 
tration ratio as a parameter in figure 4c and 5c. It is especially rewarding to 
observe (figure 5c) that an AMO efficiency close to 16% is obtained at a temperature 
as high as 200°C with a cell suitable for operation in space, 

A final task is to compare the experimental results obtained to date with the 
theoretical calculations. More specifically, the curve of efficiency versus concen- 
tration ratio measured at 25°G and shown as one of the curves of figure 5d can be 
compared with the theoretical curves shown on figure 2. Two observations are to be 
made in this context: 

1) At high concentration ratios (X = 100), the measured and calculated 
efficiencies (21%) are in close agreement, provided the series resistance of the 
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experimental cell is Rg <10“^ ficm^. This falls within the range of measured series 
resistances for our small cells. 

2) At low concentration ratios (X = 1), the calculated efficiency is substanti- 
ally higher than the measured value (19% versus 16%). We have been able to trace 
this back to the poor fill factor exhibited at low concentration ratio on the measured 
set of small cells. This was caused by excessive edge-leakage current, a defect 
which has been overcome since those measurements were performed. This defect becomes 
inconsequential at the higher concentration ratios, which explains the improved 
agreement between theory and measurements observed at the high concentration ratios. 

CONCLUSIONS 


We have established that GaAs solar cells designed for operation in space under 
concentrated sunlight are attractive for concentration ratios up to more than 100 
suns. AMO efficiencies in excess of 20% were obtained at 100 suns. Operation at 
elevated temperatures was found to be possible at AMO efficiencies in excess of 16% 
with a temperature as high as 200°C. The cells providing this performance had the 
shallow junction depth and thin AlGaAs window layer thickness required for good 
radiation hardness and favorable spectral response under AMO illumination in space. 
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AR COATING 



p CONTACT: Au-Zn-Ag 
n CONTACT: Au-Ge-Ni-Ag 
AR COATING: Ta20x 
p AI^Ga^_jj As: x>0.85 
D + Xj < 1.0pm 

Figure 1. The (AIGa) As-GaAs solar cell; 
baseline structure, 



Figure 2. GaAs solar cells: calculated AMO 
efficiency vs solar concentration 
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(A) SQUARE GRIDLINE DESIGN FOR THE 
2 cm X 2 cm GaAs CONCENTRATOR CELL 


11810 10 



(B) CIRCULAR GRIDLINE DESIGN FOR THE 4 mm 
DIAMETER SPOT SIZE GaAs CONCENTRATOR CELL 


11810 II 



NOTE: SEE TEXT FOR FINGER NUMBERS AND 
DIMENSIONS FOR BOTH DESIGNS 


Figure 3. Grid line designs. 
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EFFICIENCY, v AMO- SHORT CIRCUIT CURRENT DENSITY mA cm 









EFFICIENCY, 'I^MO' * SHORT CIRCUIT CURRENT DENSITY, mA cm' 






THE EFFECT OF DIFFERENT SOLAR SIMULATORS ON THE MEASUREMENT 
OF SHORT-CIRCUIT CURRENT TEMPERATURE COEFFICIENTS 

H.B. Curtis and R.E. Hart, Jr. 

NASA Lewis Research Center 
Cleveland, Ohio 


SUMMARY 

Gallium arsenide solar cells are being considered for several high tempera- 
ture missions in space. Both near-Sun and concentrator missions could involve 
cel r temperatures on the order of 200° C. Performance measurements of cells 
at elevated temperatures are usually made using simulated sunlight and a 
matched reference cell. Due to the change in bandgap with increasing tempera- 
ture at portions of the spectrum where considerable simulated irradiance is 
present, there are significant differences in measured short circuit current 
at'elevated temperatures among different simulators. To illustrate this, both 
experimental and theoretical data are presented for gallium arsenide cells. 

INTRODUCTION 

The use of gallium arsenide solar cells in space is being considered for 
several reasons. One reason is their high temperature operation, thus allow- 
ing near-Sun or high concentration missions. Before high temperature (200° C) 
gallium arsenide cells can be used, however, further development work will be 
required. There will also be many required measurements at temperatures rang- 
ing from about room temperature to over 200° C. Some recent data have indi- 
cated that the increase in measured short circuit current, a, with increasing 
temperature depends strongly on the type of solar simulator used. The tempera- 
ture coefficient of a can vary by a factor of more than 5 depending on the 
incident irradiance. The tentative answer to why a varies with incident 
irradiance depends on the bandgap of gallium arsenide. As the temperature is 
increased, the decrease in bandgap is at portions of the spectrum where the 
irradiance of simulators and sunlight is both fairly high and varies from 
simulator to simulator. Hence the temperature coefficient can vary widely. 

In an effort to test this hypothesis, NASA Lewis performed an experimental and 
theoretical study using gallium arsenide cells, a variety of solar simulators, 
and the known bandgap temperature characteristics of gallium arsenide. 

THEORETICAL CALCULATIONS 

The increase in a with temperature results from two effects. The smaller 
bandgap allows more incident photons to be collected, and secondly, there can 
be an improvement in the lifetime of the cell material (ref. 1). Since we are 
concerned here with the effects of different simulators, we will only look at 
the change in bandgap effect, because any increase in lifetime will give a 
similar current increase for each simulator. The change in bandgap for gal- 
lium arsenide is well known (ref. 2) and can be utilized to generate a series 
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of spectral response curves. In Figure 1 we have plotted spectral response 
curves for gallium arsenide at several temperatures. The 300 K curve is meas- 
ured data, and the higher temperature curves are generated by shifting the 
cutoff wavelength corresponding to the change in bandgap. 

The short circuit current can be calculated for any spectral distribution 
of irradiance by using the following equation: 

= A/ J(x)R(x)dx (1) 

where J(x) is the spectral distribution of incident irradiance, R(x) is spec- 
tral response, A is cell active area, and the integration is over the solar 
wavelength (x) region. Figures 2 to 6 show spectral di§tributions for AMO 
sunlight and four solar simulators. Equation (1) was used to calculate a at 
several temperatures for gallium arsenide solar cells under the different spec- 
tral irradiances of figures 2 to 6. Figure 7 shows calculated a as a function 
of temperature for three of the incident irradiances, AMO, Filtered xenon, and 
unfiltered xenon. Note that the increase in current is not necessarily linear 
with increasing temperature. Note also the large differences between the un- 
filtered xenon curve and the AMO and filtered xenon curves. The curves were 
normalized to the AMO value at 300 K {112.7mA for a 4 cm^ cell) for direct 
comparison. 

The temperature coefficients of a were calculated using the data of figure 
7 and similar data for the two other simulators (pulsed xenon and dichroic 
filtered tungsten (ELH) and are presented in table I. The AMO value near 
20pA/cm2-K is in, agreement with published data on similar cells (refs. 3 and 
4). In all cases the temperature coefficient is higher in the 400 to 500 K 
range than in the 300 to 400 K range. Note the extremely high values of tem- 
perature coefficient for the unfiltered xenon simulator. This is due to the 
very high irradiance in the wavelength interval near the gallium arsenide band- 
gap for the unfiltered xenon simulator. 

MEASURED DATA 

In an effort to experimentally verify the calculated data, measurements 
were made on two gallium arsenide cells at various temperatures and under dif- 
ferent simulators. The cells were manufactured by Hughes Research Lab under 
an existing NASA Lewis contract, using the liquid phase epitaxy growth tech- 
nique. Thev are p/n cells with an AlGaAs window. At Lewis measurements were 
made at 200 C (473 K) using a xenon pulsed simulator and at 150“ C (423^K) 
using a filtered xenon simulator and an ELH lamp simulator. Data at 200“ C 
(473 K) under an unfiltered xenon simulator were supplied by Hughes. The meas- 
ured data are summarized in table II with current at the highest temperature 
measured for each simulator and the calculated temperature coefficients re- 
ported. Data were taken only to 150“ C under the filtered xenon and ELH simu- 
lators due to limitations in the temperature capabilities of the test appara- 
tus. 

The measured data are in fairly good agreement with calculated data of 
table I. For the three xenon simulators, filtered, unfiltered, and pulsed, 
the measured temperature coefficients are 10 to 30 percent higher than the 
calculated values. However, the calculated values do not reflect any increase 
in a due to improved lifetime at higher temperatures. Accounting for this 
would make the measured and calculated temperature coefficients agree quite 
well for the three xenon simulators. For the ELH lamp simulator, the calcu- 
lated value of temperature coefficient is larger than the measured value. 
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This is attributed to variations in output of ELH lamps. The spectral distri- 
bution of figure 6 may not be the same as that of the ELH lamp used in the 
measurements. In any case, the temperature coefficient measured using an ELH 
lamp simulator is considerably lower than the true value. 

CONCLUSIONS 

Both calculated and measured data indicate a strong dependence on incident 
spectral irradiance for the measured temperature coefficient of short circuit 
current for GaAs solar cells. Values of as high as SOpA/cm^ K using an un- 
filtered xenon simulator, or as low as lOpA/cm^ K using an ELH lamp simu- 
lator may be obtained. The reason for the spread in values results from the 
bandgap change with temperature occurring at portions of the spectrum where 
simulators can differ widely. 
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TABLE I.- CALCULATED VALUES OF SHORT-CIRCUIT CURRENT 
TEMPERATURE COEFFICIENTS 


Spectrum 

Temperature coefficients, ?A/cm^ K, at - 

300 - 400 K 

400 - 500 K 

AMO 

18.6 

21.2 

Filtered xenon 

15.6 

22.7 

Unfiltered xenon 

49.2 

62.2 

Pulsed xenon 

20.9 

27.2 

ELH 

10.4 

10.8 


TABLE II.- SUMMARY OF MEASURED DATA 


Simulator 

Short circuit 
current 

^SC’ 

mA 

Temperature 
coefficient, 
?A/cm2 K 

F i Itered xenon 

125.2 at 150° C 

25.0 

Unfiltered xenon 

168.9 at 200° C 

80.3 

Pulsed xenon 

134.0 at 200° C 

30.4 

ELH 

116.2 at 150° C 

7.0 



Fig. 1 Spectral response of ganium arsenide 
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Fig. 2 Labs & Neckel AMO spectrum 
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Fig. 7 Variation of calculated with temperature 
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DEFECTS AND ANNEALING STUDIES IN 1-MeV ELECTRON IRRADIATED 

(AlGa)As-GaAs SOLAR CELLS* 


Sheng S. Li* and W.L. Wang* 
University of Florida 
Gainesville, Florida 

R.Y. Loo^ 

Hughes Research Laboratories 
Malibu, California 
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EXTENDED ABSTRACT 


The purpose of this paper is to present the results of our study on the deep- 
level defects and recombination mechanisms in the one-MeV electron irradiated 
(AlGa) As-GaAs solar cells under various irradiation and annealing conditions. Deep- 
level transient spectroscopy (DLTS) and capacitance-voltage (CV) techniques were used 
to determine the defect and recombination parameters such as energy levels and defect 
density, carrier capture cross sections and lifetimes for both electron and hole 
traps as well as hole diffusion lengths in these electron irradiated GaAs solar 
cells. GaAs solar cells used in this study were prepared by the infinite solution 
melt liquid phase epitaxial (LPE) technique at Hughes Research Lab., with (Alg.gGaQ ^ 
As window layer, Be-diffused p-GaAs layer on Sn-doped n-GaAs or undoped n-GaAs active 
layer grown on n'^-GaAs substrate. Mesa structure with area of 5.86x10“'^ cm2 was 
fabricated for our DLTS and CV study. The Sn-doped n-GaAs active layer has a dopant 
density of 5x10^^ cm“2, and the undoped n-GaAs layer has a carrier density of 
1.5 x 1015 cm 3. Three different irradiation and annealing experiments were performed 
on these solar cells: (1) one-MeV electron irradiation was done at room temperature 

on Sn-doped (AlGa) As-GaAs solar cells for electron fluences of lO^-^, 1 q 15^ and 10^^ 
cm”3, and subsequently annealed at 230°C for 10, 20, 30, and 60 minutes. (2) Same 
type of GaAs cells was irradiated at 150“C and 200° C cellos temperature and fluence of 
1015 cm 2 using two different flux rates (4xl0l0 e/cm^-s and 2x109 e/cm2-s). (3) 

one-MeV electron Irradiation was performed on the undoped GaAs solar cells at 200°C 
cell's temperature for fluence of lO^-^ and 10l5 cm“2. DLTS and C-V measurements were 
made on the cells described above, and the results are discussed next. 

Fig. 1 and Fig. 2 show the DLTS scan of electron and hole traps in the (AlGa)As- 
GaAs cells Irradiated with 10^^ e/cm2 electron fluence and annealed at 230°C in 
vacuum for 20, 30, and 60 minutes, respectively. Three electron traps with energies 
of Eq-0.31, 0.71, and 0.90 eV and one hole trap with energy of E-^+0.71 eV were ob- 
served in these samples. The DLTS data showed that density of each defect level was 
reduced as a result of the 230°C thermal annealing. Note that the "E 3 " electron trap 
has the largest reduction in its density followed by the 230°C annealing for 60 min- 
utes. Significant reduction in the trap density was also observed for the Ev+0.71 eV 
hole trap from the 230°C annealing process (see Fig. 2). A similar result for both 
electron and hole traps was also obtained for cells Irradiated by the 10^3 e/cm^ 
electron fluence. Table 1 and table 2 summarize the results deduced from the DLTS 
and C-V measurements for the Sn-doped GaAs solar cells irradiated at room temperature 
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with fluences of 10^^ and 10^^ e/cm^ and annealed at 230°C for 20, 30, and 60 
minutes. Hole diffusion lengths calculated from the DLTS data were found to vary 
between 1.5 to 2.44 pm for = 10^^ e/cm^ fluence. The effects of Incident flux 
rate and cell's irradiation temperature on the defect parameters were studied on Sn- 
doped GaAs cells irradiated with 10^^ e/cm^ fluence. Fig. 3 and Fig. 4 show respec- 
tively the DLTS scans of electron and hole traps for the Sn-doped GaAs solar cells 
irradiated by lO^^ e/cm^ fluence, with flux rates of 4xlOlO e/cm^-s and 2 x 10 ^ e/cm^-s 
and irradiated at 150 and 200°C cell's temperature. The results show that the domi- 
nant electron trap is due to Eg-O.?! eV level, and the dominant hole trap is due to 

E-,yt-0.71 eV. The density for both traps increases with increasing flux rate and 
reducing cell's temperature. For cells irradiated at 4x10^0 e/cm^-s flux rate, two 

additional electron traps (i.e., E3 and Et) were also detected. The defect and 

recombination parameters calculated from the DLTS data for these cells are summarized 
in table 3 and table 4. Note that the DLTS data shown in Fig. 1 through Fig. 4 are 
for the Sn-doped GaAs solar cells. The DLTS scans of electron and hole traps for the 
undoped GaAs solar cells irradiated at 200°C are shown in Fig. 5 and Fig. 6, respec- 
tively. Fig. 5 shows the DLTS scan of electron traps for cells irradiated with lO^^ 
and 10 ^^ e/cm^ fluence, respectively; four electron traps with energies of Eg-0.13, 
0.41, 0.71, and 0.90 eV were observed in these two cells. Note that Eg-0.13 eV and 
Eg-0.41 eV electron traps are not detected in the Sn-doped GaAs cells shown in Fig. 1. 
Fig. 6 shows the DLTS scan of hole traps for the same cells shown in Fig. 5; two hole 
traps with energies of Ev+0.29 and Ev+0.71 eV were observed for cells irradiated with 
10l5^ e/cm2, and only one hole trap with energy of Ev+0.71 eV was observed in 10^^ 
e/cm'^ irradiated cells. In both figures it is noted that increasing electron fluence 
will increase the density of both electron and hole traps in these cells. Defect and 
recombination parameters deduced from the DLTS and C-V data for cells shown in Fig. 5 
and Fig. 6 are summarized in table 5 and table 6 . Fig. 7 shows the defect annealing 
rate for the "E^" electron trap for electron fluence of 10^6 e/cm^ and for the "Eg" 
electron trap for electron fluence of lO^^ e/cm2, for GaAs cells shown in Fig. 1 and 
table 1. From the study of deep-level defects and their annealing behavior, it is 
concluded that (i) one-MeV electron irradiation on GaAs cells grown by the infinite 
solution melt LPE technique will in general produce three to four electron traps and 
one to two hole traps if the electron fluence is greater than lOl^ e/cm^; (ii) defect 
density will increase with increasing incident flux rate and fluence; (ill) increas- 
ing annealing temperature and annealing time will reduce the density of both electron 
and hole traps; (iv) increasing the cell's temperature during electron Irradiation 
will effectively reduce the trap density; (v) low temperature thermal annealing is 
more effective in annealing out the shallower traps than the deeper traps; (vl) the 
recombination enhanced annealing[l] was found to be effective for reducing the densi- 
ty of deep-level recombination centers; (vii) the activation energy for the "E3" 
electron trap was found slightly different in the undoped GaAs than that of the Sn- 
doped GaAs solar cells (i.e., Ef.~0.41 eV vs. Ec~0.31 eV) , and (viii) the (Ev+0.29 eV) 
hole trap observed in the undoped GaAs cells was not detected in the Sn-doped GaAs 
solar cells under same irradiation conditions. 

*Research supported by the Aeropropulslon Lab., AFWAL, subcontract through Universal 
Energy System Inc., Ohio. 

"^Supported by NASA Lewis Research Center. 
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Annealing 
time & 
Temperature 


4>e = 

10^^ e/cm^ 



Et (ev) 

Nj (cm“^) 

On fcm^) 

T„ (s) 

Ej (eV) 

N-j* (cm”^) 



Unannealed 

E2=E(.-0.20 

E3=Ec-0.31 

E4=E^-0.71 

E5=E(.-0.90 

9x 10* 2 
2.9x10*'* 
3. 2 x10* 
3.4X10*** 

1x10-*® 

1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

2.77x10-3 

4.26x10-3 

1.25x10-3 

1.04x10-3 

230°cE2 

min.) 

7 . 9x10* 2 

5.7x10*3 

1.1x10*“ 

1x10-’ 8 

5.1x10-’“ 

5.8x10"*“ 

7.64x10-3 

3.2x10-3 

230*’C for 
20 min. 

Ej 

E4 

ES 

l.AxlO*"* 

9.5x10*3 

1.2x10*“ 

1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

9.92x10-3 

4.39x10-3 

2.93x10-3 

E3 

E4 

E5 

2.6x10*3 
5.4x10* 3 
6.1x10*3 

1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

4.75x10-8 

8.07x10-3 

5.77x10-3 


E3 

E4 

E5 

1.2x10*“ 

7.7x10*3 

6.2x10*3 

1.8x10-*“ 

5.1x10-*“ 

5.8x10"*“ 

1.01x10-8 

5.41x10-3 

5.68x10-3 

E3 

E4 

E5 


1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

5.1x10-8 

1.6x10-8 

1.14x10-8 

230°C for 
60 min. 

E3 

E4 

E5 

2.7x10* 3 
6.2x10*3 
1.6x10*“ 

1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

4.57x10-8 

6.45x10-3 

2.19x10-3 

E 4 

E 5 

7.2x10*^ 
1.8x10* 3 
2.2x10* 3 

1.8x10-*“ 

5.1x10-*“ 

5.8x10-*“ 

5.6x10-'* 

2.22x10-8 

1.6x10-8 


Table. 


Electron trap parameters in one-MeV electron irradiated (AlGa)As-GaAs solar cells 
annealed at 230 °C for 10,20,30, and 60 min. = 5xl0'o cm’d (Sn-doped n-GaAs) 


Table .2 Defect parameters of Hole Traps in one-MeV Electron Irradiated 
(AlGa)As-GaAs Solar Cells vs. Anne-ling Time 




Annealing Time 
& Temp. 

Hole Trap 




QIQI 


10^5 

5.5x10^* 

20min.at230°C 

E +0.71 

9x10 

4.01x10"^^ 

2.25 

1.50 



30 “ " 

• 1 

13 

6.8x10 

n 

2.65 

1.72 



60 " " 

II 

3.4x10 

" 

5.30 

2.44 

lO^® 

3.5x10^^ 

20min.at230'’C 

E +0.71 

9x10^^ 

4.01x10^^ 

0.20 

m 



30 " '• 


6.2x10^^ 

" 

0.29 

rI 



60 " 

II 

1.1x10^^ 

•II 

1.64 

1.35 


Table, 3 Electron Trap Parameters vs. Flux Rate in one-MeV Electron 
Irradiated (AlGa) As-GaAs Solar Cells for 4>g = 10l5 ®/cm^ 


Samples 

Np (cm 

Flux Rate 

Annealing 

Temp. 

(“C) 


E 

Lectron Tr 

aps 


(®/cm‘^“s) 

Et (eV) 

Nrj. (cm 

On (cm^ 

^n (=)* 

1 

5.35x10^^ 

4x10^° 

200 

E,=E -0.31 
J c 

E,=E -0.71 

4 c 

E_=E -0.90 

5 c 

1.24xlo'-^ 

5.84xlo’-® 

13 

1.35x10 ^ 

1 .8x10"^^ 

5.1x10"^^ 

• -14 
5.8x10 

Ixio"^ 

6.85x10"® 

2.6xl0"® 

2 

5.56x10^^ 

2x10® 

150 

''4 

13 

4.85x10 

-14 

5.1x10 

8.25x10"® 

3 

5.69x10^^ 

2x10® 

200 

^4 

13 

3.61x10 

-14 

5.1x10 

l.llxlO"® 
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Table. 4 Hole Trap Parameters vs. Flux Rate in one''^feV Electron ^ 
Irradiated (AlGa)As-GaAs Solar Cells for • 10^5 ®/cm^ 


Samples 

Njj (cm 

Flux Rate 
(®/cm^-s) 

Annealing 

Temp. 

<*C) 

Hole Traps 

&r (cV) 



BBB 


1 

5.35x1q2® 

4x10^° 

200 

IffijlBSJIII 

4.94x10^® 

-13 

4.0x10 

3.6xl0" ® 

2.01 

2 

5.56x10^* 

2x10® 

150 

E +0.71 

V 

4.02x10®® 

4.0x10“®® 


2.23 

3 

5.69x10^® 

2x10® 

200 

E^+0.71 

3.06x10®® 

4.0x10“®® 


' i.58 




Table. 5 Electron and Hole Traps in one^MeV Electron 

Irradiated (at 200®C) (AlGa)As*GaA8 Solar Cells. 


Electron 

-3 

Fluence (cm ) 

* -3 

Njj (cm ) 

Electron Traps 

Hole Traps 



mm 


6 

1.5x10®® 


_ 

_ 




E -0.13 

13 

3.2x10 

E„+0.29 

0 

10®" 

1.45x10®® 

E -0.41 

13 

i.axio”*^^ 





E^-0.71 

12 

1.2x10 

E +0.71 

6.4x10®^ 



c 

E -0.90 
c 

1.6x10®2 





E -0.13 

2.2x10®" 

E +0.29 

6.9x10®^ 

10®® 

1.05x10®® 

E -0.41 

1.3x10®® 





E -0.71 

12 

7.8x10*^^ 

E +0.71 

2.0x10®® 



c 

12 





E -0.90 
c 

9.5x10 

— 

~ 


*Carrier removal rate • An/i^^ • 0,5 cm~^, 
undoped n^GaAs LPE layer. 
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Fiq.6 OLTS scan of holt? l raps in one-McV electron irrad'iated (al 200 *C) (AIGa)As-GaAs S'-lar cells 
as a function of electron fluence. 


143 








1 




DEFECT BEHAVIOR IN ELECTRON-IRRADIATED BORON- 
AND GALLIUM-DOPED SILICON 


Peter 3. Drevinsky and Henry M. DeAngelis 
Rome Air Development Center 
Hanscom Air Force Base, Massachusets 


ABSTRACT 


Production and anneal of defects in electron-irradiated, float-zone silicon 
solar cells were studied by DLTS. In boron- and gallium-doped, n'*'-p cells, domi- 
nant defects were due to the divacancy, carbon interstitial, and carbon complex. 
Results suggest that the DLTS peak normally ascribed to carbon complexes also in- 
volves gallium. For gallium- and, to a lesser extent, boron-doped samples, damaged 
lifetime shows substantial recovery only when the carbon-complex peak has annealed 
out at 400°C. In boron-doped, n'*'-p-p'^ cells, a minority carrier trap (El) was also 
observed by DLTS in cells with a boron p"*", but not in those with an aluminum p"*" 
back. A level at + 0.31 eV appeared upon 150°C annealing (El out) in both p'^ 
back types of samples. 


INTRODUCTION 


In electron-irradiated electronic devices such as solar cells, interactions 
between dopant, intrinsic impurities, and point defects can lead to the formation 
of damaging complexes. Irradiation of boron-doped silicon, for example, can pro- 
duce various defects involving boron, carbon, oxygen, vacancies, and interstitials. 
Techniques such as Deep Level Transient Spectroscopy (DLTS) have been used (refs. 1 
to 3) for defect detection. Weinberg and Swarz (refs. 4 and 5), in correlating the 
annealing behavior of defects observed by DLTS (ref. 3) with short circuit current 
(Jsq), attributed the observed reverse anneal of J 5 Q to the emergence of the Ey + 
0.30 eV level. Rohatgi (ref. 6 ) also concluded from DLTS measurements that this 
defect is responsible for reverse annealing in irradiated boron-doped cells. 

This report describes results of our DLTS studies of defects in electron- 
irradiated solar cells fabricated from float-zone silicon. Since irradiated gal- 
lium-doped cells have shown a potential for greater recovery after anneal than 
boron-doped cells (ref. 7), we have compared radiation-induced defects in high 
purity, n+-p silicon cells doped with gallium and boron. Results of defect 
annealing studies are presented and minority carrier lifetime measurements are 
correlated with defect anneal. Defect production and annealing behavior have also 
been studied in a set of boron-doped, n‘''-p-p''' silicon cells, which were fabricated 
with either an aluminum p"*" or a boron p"*" back surface. 
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EXPERIMENTAL 


Diffused junction, n"'’-p cells, doped with either gallium (2, 10, and 20 ohm- 
cm) or with boron (2 ohm-cm) , were fabricated by Spectrolab, Inc. from high purity, 
float-zone silicon (ref. 8). A second set consisted of diffused junction, n^-p-p"'’ 
cells doped with boron (1 and 10 ohm-cm) and fabricated by Comsat Laboratories from 
float-zone silicon. Cells for each base resistivity had an aluminum and boron p'*' 
back surface and these will be referred to as A1 p+ and B p+, respectively. Pro- 
cessing, conditions were: All A1 p'*' cells - no pre-oxidation, single-step phos- 

phorus front and aluminum back diffusion at 850°C for 30 min., and no post, or 
final, anneal; 10 ohm-cm , B p'*' cel 1 s - no pre-oxidation, boron back diffusion at 
950°C for 30 min., phosphorus front diffusion at 850°C for 15 min., and post anneal 
at 450°C for 14 hrs.; 1 ohm-cm, B p~*~ cells - identical to the 10 ohm-cm, B p"*" 
cells except for pre-oxidation at 1050°C for 30 min. Cells were diced into chips 
0.25 cm on edge and these were mesa-etched to minimize leakage current, mounted on 
TO-5 headers with silver epoxy, and top-contacted by ultrasonic bonding (refs. 9 
and 10) . 

Defects were detected by DLTS (ref. 11) by using the lock-in amplifier version 
of the technique (ref. 12). For bias pulse voltages and base resistivities used, 
the regions approximately 0.3 to 3 micrometers below the metallurgical junction 
could be examined. Minority carrier lifetime was measured by a diode reverse 
recovery technique and deeper levels unobservable by DLTS were monitored by 
capacitance-voltage measurements. Short circuit current was measured on either 1x1 
cm or 1x2 cm cell pieces with the use of a Spectrolab solar simulator. 

Samples were irradiated in air at room temperature with 1-MeV electrons to 
fluences ranging from l.Oxlol^ to 1.6x10^^ e"/cm2, measured within one day after 
irradiation, and stored in dry ice. Lower fluences were used on cells and on com- 
panion samples for accompanying DLTS scans and minority carrier lifetime measure- 
ments. Samples were isochronally annealed to 100°C in air and continued to about 
425°C in a nitrogen atmosphere for periods of either 20 or 30 minutes at tempera- 
ture. 


RESULTS AND DISCUSSION 


Principal DLTS peaks in irradiated samples were found to be majority carrier 
traps associated with levels at Ey + 0.21eV (HI, divacancy), +0.27ev (H2, carbon 
interstitial), and +0.34eV (H3, carbon complex). A minority carrier trap at Ey- 
0.26eV (El, boron complex) was observed for boron-doped, B p"*" samples and upon 
annealing at 150°C, this level disappeared and another majority carrier trap at 
Ey + 0.31eV (H4) emerged. 


n'*’-p cells 


Figure 1 shows DLTS spectra of 2, 10 and 20 ohm-cm (6.5xl0l5, 1.4xl0l5, and 
5.9 x 1014 cm"3, respectively), gallium-doped silicon samples irradiated to a fluence 
of 5xl0l5e"/cm2. The three dominant majority carrier traps HI, H2, and H3 are 
attributed to the divacancy (ref. 2), carbon interstitial (ref. 2), and carbon 
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complexes, respectively. The identity of these carbon complexes is uncertain and 
they have been described as a carbon interstiti al -substitutional pair (Cj-Cs) in 
reference 2 and as a vacancy-oxygen-carbon complex (V-O-C) in reference 3. It is 
apparent that the amplitude of H3 is gallium concentration dependent, increasing 
as the gallium content increases. It is interesting to note that the relative 
concentrations of H2 to H3 decrease with increasing gallium concentration. The 
introduction rate for HI is essentially constant for all three sample resistivities. 
It should be noted that boron-doped samples showed HI and H2, but little or no 
production of H3. 

Isochronal anneals from 50° to 100°C indicate that the gallium content 
apparently influences the anneal of the carbon interstitial, which disappeared more 
rapidly in the order of decreasing resistivity. We have not observed similar 
behavior in float-zone, boron-doped silicon. Peak H3 grew during this annealing 
sequence, and the largest increase occurred in the 20 ohm-cm samples. 

The most dramatic example of the effect of gallium on annealing behavior is 
given in figure 2 which shows the anneal of peak H3. The annealing data were 
normalized to the amplitude of peak H3 after the 100° C annealing step. It is 
clearly seen that peak H3 involved at least two defects as an annealing stage 
centered at about 175°C appears and becomes more pronounced with increasing gallium 
concentration. Peak H3 may contain a carbon complex, but it also contains another 
defect which involves gallium in some way. Continuing the anneal, one finds a 
significant growth in peak H3, again showing a greater fractional growth for the 
lower gallium concentration. Note that this behavior was observed in other gallium- 
doped float-zone as well as crucible-grown, samples separately prepared from 1 
and 10 ohm-cm silicon wafers. A detailed analysis of peak H3 at the 100°C step, at 
and after the 175°C annealing stage, and at the maximum growth point of 300°C has 
not yet been done. Essentially complete recovery is achieved after the 400°C 
anneal. The divacancy annealed out at 250°C to 300°C. It should be noted that an 
unidentified majority carrier trap, shallower than H3, emerged during the anneal at 
about 200°C and disappeared after the 400°C step. 

Degradation and recovery of minority carrier lifetime was followed after each 
irradiation and annealing step for all gallium-doped samples. The data for 20 ohm- 
cm samples are shown in figure 3 which depicts the annealing behavior of peak H3, 
the lifetime, and the recovery of "deeper levels" not observable by DLTS but 
monitored by capacitance-voltage measurements. It is noted that the substantial 
growth in peak H3 coincides with the complete anneal of the deeper levels. Lifetime 
shows no significant recovery until H3 has annealed out at the 400°C step at which 
point it recovered to about 60 percent of its pre-irradiation value. The recovery 
of lifetime in the 2 and 10 ohm-cm, gallium-doped samples followed a similar pattern 

Figure 4 shows defect annealing data and lifetime measurements as a result of 
isochronal anneals from 50°C to 400°C for the 2 ohm-cm, boron-doped silicon. The 
anneal of peak H2, attributed primarily to the carbon interstitial, is essentially 
complete by about 75°C. No explanation for the residual which persists at 100°C 
can be given at this time. The growth of H3 is evident, but not significant until 
one exceeds 225°C. No Secondary annealing stage appears as in gallium-doped samples 
Peak H3 reaches a maximum at 350°C and anneals out by 400°C. The peak H4 was first 
observed after the 150°C anneal and it has been suggested that it is either a boron- 
oxygen-vacancy (B-O-V) in reference 3 or a silicon interstitial pair (Sij-Sij) in 
reference 2. It continues to grow, peaks at 350°C, and anneals out at 400°C. 
Annealing behavior was found to be similar in crucible-grown, boron-doped silicon. 
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It is important to note that lifetime does not recover until the 400°C anneal step 
at which point H3 and H4 are gone and even then only to about 20 percent of the 
pre-irradiation values. Our lifetime measurements on these boron-doped samples 
give no suggestion of a reverse anneal. 


n+-p-p‘*‘ cells 


Figure 5 shows typical DLTS spectra, taken under injection conditions, of 10 
ohm-cm, boron-doped, A1 p+ and B p+ samples irradiated to a fluence of IxlO^^ 
e"/cm2. The most striking difference is the presence of a minority carrier trap 
(El) in B p+ and its absence in A1 p'^ samples. It is important to note that DLTS 
samples of both types of cells were well-behaved diodes with similar dark current- 
voltage and injection characteristics. Also, cells had been prepared from the same 
silicon ingot. In spite of being identical samples, except for back surface type 
and processing, only B p''' showed El. Figure 5 also shows evidence for peak H3 in 
both sample types, quite suppressed in A1 p'^'. Peaks HI and H2 appear in comparable 
quantities in both types. 

The absence of a distinct reverse anneal in irradiated, high-purity, boron- 
doped silicon (see fig. 4) as followed by lifetime measurements with the diode 
reverse recovery technique led to a study of cell annealing behavior. Companion 10 
ohm-cm cells and DLTS samples were irradiated simultaneously. Figure 6 shows the 
isochronal anneal, using J$q measurements, of four types of cells including a 10 
ohm-cm, gallium-doped cell for comparison. It is clear that the A1 p+ and B p+ 
cells show similar trends and recovery characteristics, with a reverse anneal in 
the 200° to 300° C region and virtually complete recovery after annealing at 400° C. 
The 2 ohm-cm crucible-grown cell behaves similarly. The gallium-doped cell does 
not show the pronounced reverse anneal and, in fact, recovers in the 200° to 300°C 
region. Generally, this annealing behavior is similar to that reported earlier 
(ref. 13) in an extensive study of annealing performance of solar cells. Companion 
DLTS samples showed spectra similar to those presented in figure 7 and defect 
annealing behavior similar to that shown in figure 8. Although these figures show 
data for more heavily-irradiated samples, they demonstrate that deeper levels, H3, 
and H4 are present in significant concentrations during the reverse anneal experi- 
enced by the boron-doped cells. 

In figure 7, typical DLTS spectra for 10 ohm-cm, B p"^ samples after irradia- 
tion to a fluence of 1 .6xlol6e-/cm2 and after three representative annealing 
steps are shown. A1 p+ samples gave similar spectra, except for the absence of 
El. The fractional original minority carrier lifetime (t/tq) is given in paren- 
theses under the irradiation fluence and the annealing temperature. Note that the 
spectrum after the 427°C anneal was taken at ten times greater sensitivity than 
that for the other three spectra. Each given peak is labeled once as it first 
appears. The prominent peaks observed after irradiation are identical to those 
obtained for the more 1 ightly-irradiated B p"^ shown in figure 5. When these 
anneal out, a new generation of defects appears in lower concentration. At 177°C, 
H2 is gone, H3 has grown, and H4 has come in at a temperature associated with the 
disappearance of El. HI is still present In its post-irradiation concentration. 

At 355° C lifetime begins to show recovery and it is important to note that capaci- 
tance-voltage measurements show that deeper levels have now annealed out. The 
spectrum shows a loss in H3 and the appearance of small quantities of unidentified 
defects, H5 and H6. At 427°C, the spectrum at greater sensitivity shows the loss 


148 



of essentially all of the initial radiation-produced defects and the presence of 
additional, unidentified H7, H8, and H9 defects. Lifetime has begun to show sub- 
stantial recovery in this boron-doped sample. Other boron-doped samples have 
shown as much as 30 percent recovery at this temperature. 

Figure 8 shows the annealing behavior of defects introduced by irradiating 
10 ohm-cm, B p+ samples to a fluence of 1.6xl0l6 e“/cm2. Except for the absence of 
El and smaller production of H3, defects in 10 ohm-cm, A1 p'^ samples showed similar 
annealing behavior for this fluence. The total radiation-induced defect concentra- 
tion for each p+ type is nearly the same and estimated to be about 4xl0l4 cm-3 for 
these samples. 


CONCLUDING REMARKS 


We have observed significant differences in the defect production and anneal- 
ing behavior of float-zone silicon, comparably doped with gallium and boron. The 
recovery of Jsc in limited annealing studies of gallium- and boron-doped silicon 
solar cells reflects some of these differences. 

In n'^'-p-p'*' samples, a minority carrier trap located at E^ - 0.26eV was observ- 
ed in those with a B p+ back, but not observed in those with an A1 p'*’ back surface. 
The differences in processing of these cells does introduce oxygen into the B p"^ 
cells. There may be sufficient oxygen in these samples to produce the Bj-Oj complex 
suggested in reference 3. We clearly observed the minority carrier trap in crucible- 
grown silicon, comparably doped with boron. Regardless of whether we observe the 
minority carrier trap or not in n‘*'-p-p‘^ samples, Ey + 0.31eV grows in. Both B p"*" 
and A1 p"^ show the influence of this growth in the reverse anneal. 

Additional study is needed on diodes fabricated from float-zone, boron-doped 
silicon which is of high purity and low carbon content. Diodes should be fabricat- 
ed such that oxygen is not introduced in processing or introduced in a carefully 
controlled manner. 
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Figure 1. DLTS spectra of 1-MeV electron-irradiated, float zone 
silicon at various gallium doping levels. 






Figure 3. Isochronal anneal of the carbon-related peak (H3) in 1-MeV 
electron irradiated (SxlO^S e“/cm2) 20 ohm-cm, gallium-doped 
silicon as well as anneal of deep levels and recovery of lifetime. 



Figure 4. Isochronal anneal of 1-MeV electron irradiated (5xl0l5 e/cm^) 
2-ohm-cm, boron-doped silicon showing behavior of three peaks (H2, 
H3, and H4) and recovery of lifetime. 
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TEMPERATURE (°K) 


Figure 5. Comparison of DLTS spectra of electron-irradiated AT p+ and 
B p+ back surface samples from n^-p-p'*' cells. 



TEMPERATURE, °C 


Figure 6. Isochronal anneal of short circuit current (Jsc) in electron 
irradiated, silicon solar cells. Crucible-grown cell is 2 ohm-cm. 
All other cells are 10 ohm-cm. 
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Figure 7. Typical DLTS spectra of boron-doped, B p+ silicon cells after 
electron irradiation and several annealing steps. The fractional 
pre-irradiation lifetime is given in parenthesis. 



Fi gure 
in 



8. Isochronal anneal of principal defects and of deeper levels 
electron-irradiated, boron-doped silicon. 
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COLD CRUCIBLE CZOCHRALSKI FOR SOLAR CELLS 


Terry M. Trumble 

Air Force Wright Aeronautical Laboratories 
Wright-Patterson Air Force Base, Ohio 


INTRODUCTION 


The efficiency and radiation resistance of present silicon solar cells are a 
function of the oxygen and carbon impurities and the boron doping used to provide 
the proper resistivity material. The standard Czochralski (CZ) process used to 
grow single crystal silicon contaminates the silicon stock material due to the use 
of a quartz crucible and graphite components. The use of a process which replaces 
these elements with a water cooled copper to crucible has provided a major step in 
providing gallium doped (lOO) crystal orientation, low oxygen, low carbon, silicon. 
This paper provides a discussion of the Cold Crucible Czochralski (C'^Z) process 
and recent Float Zone (FZ) developments. 


PROGRAM GOALS 


The goal of this program is to provide high efficiency, low cost, radiation re- 
sistant solar cells by providing high purity, low dislocation count, single crys- 
tal silicon. The two major iygurities to be remove£gare carbon and oxygen with a 
maximum concentration of 1x10 for oxygen and 5x10 for carbon. Minority carrier 
lifetime should be 100 microseconds or greater for 1 ohm-cm material. Solar cell 
performance goals are 18^ efficiency (AMO) at 25°C wi^h 15^2®^'^ life efficiency 
at 25°C after exposure to an electron fluence of 1x10 ^e/cm at 1 MeV. 


APPROACH 


The standard Czochralski method is a well proven process for growing several, 
million kilograms of silicon a year. The major drawback of this process is due to 
the contamination of the melt from the quartz crucible. The crucible contributes 
boron, aluminurr^ phosphorous and oxygen contaminants t^ the melt along with other 
minor constituents. The Cold Crucible Czochralski (C^Z) eliminates this problem 
by replacing the quartz crucible with a water cooled copper crucible (fig. l). A 
very pure silicon charge is placed in the copper crucible and subsequently heated 
using a susceptor. Once the silicon begins to melt, the KF field couples into the 
silicon to complete the melt. The RF field then levitates the silicon away from 
the water cooled fingers as shown in figure 2. A seed crystal is brought in con- 
tact with the surface of the melt, and after adhering to the liquid silicon, the 
rotating crystal is drawn up out of the melt and the single crystal silicon allowed 
to solidify. The (lOO) crystal growth is based upon the orientation of seed crystal. 
The diameter and dislocation count are a function of the thermodynamic exchanges 
between the single crystal rod, the turning and pulling rate and the frequency and 
power in the RF field. 
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PROGRESS 


As early as September 1980, moderate success in growing a 1" diameter (lOO) 
single crystal was achieved. It was approximately l800 ohm-cm p-type that twinned 
in the, neck region, producing ^n orientation slightly pff (ill). Maximum disloca- 
tion densities were about 5x10 /cm inj^the^center and 6x10^ at the edge. D:^loc^tion 
densities were further reduced to 5x10 /cm at the edge and as low as 6xl0‘“/cm at 
the center of the seed end. Dislocations are linear impel factions in crystal lat- 
tices associated with extraneous, missing or warped planes of atoms. The program 
is oriented toward the growth of three resistivities, 0.1, 1.0 and 10.0 ohm-cm so 
that gallium doped pure silicon can be properly evaluated. ■ Initial attempts to grow 
10 ohm-cm material resulted in an 8 ohm-centimeter crystal with a resistivity varia- 
tion of +3, -6^ over a 5 cm long crystal. Refinements in the crystal growth process 
made it possible to more accurately dope the crystals on subsequent runs. 

Recently, 3 crystals of 2.5^ cm diameter were grown from a 350 gm charge in 
2.5 cm to 3.3 cm lengths. Good single crystals were grown at resistivities of TOO 
ohm-cm and 1500 ohm-cm (p-type). 

Presently, wafers sliced from 0.1, 1.0 and 10 ohm-centimeter material are being 
made into solar cells. Additional wafers are being analyzed by FTIR to determine 
the amount of oxygen, carbon and gallium in the material. Table 1 shows two typical 
gallium doped wafers which are presently being evaluated. 

Recently, studies have been conducted with single pass FZ and regular CZ 
silicon material made into R+/P solar cells. Low resistivitjj^cellg made with 
boron or gallium doping were irradiated at a fluence of 1x10 e/cm at 1 MeV and 
exposed to photon radiation for 10 hours. For the 2 ohm-centimeter boron doped 
solar cells, P/Pq was 0.728, for the gallium doped cells it was 0.8l8 which confirms 
the fact that gallium doped pure silicon is better than boron doped, silicon. 


FUTURE WORK 


2 

Although it was possible to make 2.5^cm diameter C Z silicon, hardware prob- 
lems caused by EF arcing, hardware design, and other system unknowns caused recon- 
sideration of redesigning the system for 6.3cm diameter silicon. During the past 
year, an AFWAL Material Laboratory Manufacturing Technology program to Hughes In- 
dustrial Products Division has resulted in the ability to manufacture vacuum FZ 
in large quantities at reduced costs. This success spurred an effort to replace C^Z 
by 3 pass FZ and start with extremely pure polysilicon rods costing upwards of $750 
per kilo. From this material 0.1, 1.0 and 10 ohm-cm (lOO) crystals will be grown. 

Wafers will be analyzed by conventional methods to determine oxygen and carbon 
content, gallium distribution, dislocation count, resistivity, mobility and radia- 
tion damage. Solar cells made from additional wafers will be characterized us ingp 
I¥ curves and will be subsequently radiation tested at fluences up to IxlO"*"^ e/cm 
at 1 MeV. 
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CONCLUSIONS 


3 

The gallium doited C Z or FZ material could he a mission enabling technology. 
Gallium arsenide solar cells with 17^ to l8% BOL efficiencies will not be available 
in production quantities until the 1985-1986 time period. Until then, the 13. 5% 
efficient silicon solar cell with a 9% EOL efficiency due to radiation damage cannot 
be expected to provide the longer life in high radiation orbits without costly re- 
placement of satellites . 
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TABLE 1 


COLD CRUCIBLE GROWN CRYSTALS 


Crystal No. CC 814901 

Nominal Resistivity 1.0 ohm-cm 

Type p 

Dopant Ga 

Growth Date 12-9-81 

Polysilicon Lot CB021199 

Poly Data; 

Boron .06 ppb 

Donors .25 ppb 

Crystal Diameter 0.6 inches 

Length (Approx.) 2.7 inches 

Resistivity vs. Distance 
From Seed ^cm) 


1 

2 

3 


.951 ohm-cm 

.848 

.856 


Dislocation Density (to be determined) 


CC 815001 
10 ohm-cm 
P 

Ga 

12-18-81 

CB021199 

.06 ppb 
.25 ppb 

0.3 to 0.8 inches 
1 inch 


11.7 ohm-cm 

12.6 
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COLD CRUCIBLE CZOCHRALSKI STARTUP 



Figure 1 


COLD CRUCIBLE CZOCHRALSKI CRYSTAL GROWTH 



Figure 2 
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MICRODISTRIBUTION OF OXYGEN IN SILICON AND ITS 
EFFECTS ON ELECTRONIC PROPERTIES* 

H.C. Gatos, B.-Y. iMao, K. Nauka, and 3 . Lagowski 
Massachusetts Institute of Technology 
Lexington, Massachusetts 


ABSTRACT 

The effects of interstitial oxygen on the electrical characteristics of 
Czochralski-grown silicon crystals were investigated for the first time on a micro- 
scale. It was found that the generation of thermal donors is not a direct function 
of the oxygen concentration. It was further found that the minority carrier life- 
time decreases with increasing oxygen concentration, on a microscale in "as-grown" 
crystals. It was thus shown, again for the first time, that oxygen in "as grown" 
crystals is not electronically inert as generally believed. Preannealing at 1200°C 
commonly employed in device fabrication, was found to suppress the donor generation 
at 450°C and to decrease the deep level concentrations. 

INTRODUCTION 


Oxygen, invariably present in Czochralski-grown crystals, is a most undesirable 
impurity, as it has not only adverse, but also unpredictably complex effect on Si 
devices (ref. 1). 


Interstitial oxygen in "as grown" crystals has been generally considered to be 
electronically inert. Upon heat treatment at 450°C, it becomes electronically 
active and leads to the generation of donors which have been attributed to the 
formation of Si-0 complexes (ref. 2). The concentration of these donors has been 
related directly to the oxygen concentration (ref. 3). These donors can be annihi- 
lated at higher temperatures. Eventually prolonged heat treatment at temperatures 
exceeding 1000°C leads to microprecipitates of SiO^ (ref, 4). 

In our studies we have developed techniques for the direct comparison of 
oxygen concentration and thermally activated donors on a microscale (ref. 5). Most 
recently we developed a technique for determining the minority carrier lifetime on 
a microscale, and thus the means of comparing directly the oxygen concentration to 
the lifetime. We have found that the thermally activated donors are not necessarily 
a direct function of the oxygen concentration. More importantly, we found that 
interstitial oxygen or oxygen in "as grown" crystals is not electronically inert , 
but it has a pronounced effect on the minority carrier lifetime. Furthermore, heat, 
treatments do not just control the donor concentration, but cause complex electronic 
interactions with direct implication to Si devices, including photovoltalcs. 


EXPERIMENTAL 
15 -3 

Czoj^ral^ki-grown B-doped ('^^10 cm ) crystals with an oxygen concentration of 
about 10 cm were employed for the study of the effects of oxygen concentration or 
oxygen concentration variations on the electronic properties. Longitudinal slices 
of Si were employed, since pronounced oxygen concentration variations are present 
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along the growth direction (ref. 6). On the other hand, the effects of heat treat- 
ment on energy levels within the energy gap were investigated on slices cut perpen- 
dicular to the growth direction in which the oxygen concentration variations are 
relatively small. 

Oxygen microprofiles were obtained with scanning IR absorption (ref. 7) and 
carrier concentration profiles with high resolution spreading resistance measurements. 

Lifetime and oxygen concentration microprofiles were obtained with a newly deve- 
loped double laser arrangement as shown in Fig. 1. The CO^ laser (9.17 pm wavelength) 
was employed for obtaining a transmissivity profile from wnlch the oxygen concentra- 
tion profiles could be determined. A second transmissivity profile — over the iden- 
tical area — was obtained employing both the CO 2 laser and a YAG laser (10.6 pm wave- 
length) . This transmissivity profile reflected the variation of excess carriers 
(generated by the YAG laser) superimposed to the variations of oxygen concentration. 

By subtracting the contribution of the oxygen absorption from the composite trans- 
missivity profile we obtained the variation of the excess carrier concentration. 

Since the intensity of YAG laser, I, was maintained constant from the variation in 
excess carrier concentration, An, the variation in carrier lifetime, t, could be 
directly determined, since 

An = (I-R)It 

where R is the reflectivity coefficient. 

Energy levels were determined by Hall-effect measurements as a function of 
temperature and by deep level transient spectroscopy, DLTS. 

RESULTS AND DISCUSSION 

In previous communications (ref. 5) we reported that oxygen concentration vari- 
ations (on microscale) are not directly related to the thermally activated donor 
concentration variations, and it has been shown that microdefects play an important 
role in the generation of thermal donors. The analysis of these results is sum- 
marized in Fig. 2, The experimental points were obtained from numerous micropro- 
files of oxygen and thermal donor concentrations (ref. 5b). The line represents the 
proposed dependence of thermal donor concentration on the fourth power of oxygen 
concentration (ref. 3). It is seen that measurements on a microscale do not support 
this dependence and that macroscale measurements do lead to erroneous conclusions. 

It has been generally assumed that oxygen in "as grown" Si crystals is elec- 
tronically inert. For obvious reasons, critical testing of this assumption could 
not be carried out on the basis of macroscale measurements. However, employing 
double laser scanning IR absorption revealed, for the first time, that indeed oxygen 
is electronically active, as seen in Fig. 3. It is seen that the minority carrier 
lifetime, determined as outlined above, is significantly affected by oxygen. Maxima 
in the lifetime correspond to minima in oxygen absorption (i.e. , in oxygen concen- 
tration) . 

These results are very surprising, as they indicate that interstitial oxygen 
cannot as yet be understood on a theoretical basis. It must, thus, be assumed, at 
this time, that oxygen-Si or oxygen-point defect complexes are present along with 
the interstitial oxygen species. 


164 



Attempts were made to study the lifetime variations on a microscale after 450°C 
heat treatment. However, a pronounced overall decrease in the lifetime made the 
determination of its variations essentially impossible. 

Thus , a series of experiments were initiated to determine the effects of 
heat treatment at various temperatures (300 to 750° C) on the lifetime employing 
macroscale measurements. Preliminary results showed that, in general, the lifetime 
decreases with increasing annealing temperature. However, for a given annealing 
temperature the lifetime values vary significantly as a fimction of lifetime measure- 
ment temperature (10 to 300 K) . Apparently, recombination centers of a different 
nature are introduced at the various heat treatment temperatures. Work is being 
pursued to determine the characteristics of the various recombination centers and 
will be reported in a future communication. 

In another series of experiments the effects of preannealing at 1200° C for 
30 minutes on subsequent low temperature annealing and on the deep levels in Si were 
investigated. This type of preannealing is usually employed prior to device fabri- 
cation. The results of these experiments are shown in figures 4, 5, and in Table I. 

It is seen in Fig. 4 that preannealing decreases the rate of thermal donor 
generation at 450°C. In fact, conversion from n- to p-type, which takes place 
without preannealing, does not take place upon preannealing, even after heat treat- 
ment for 200 hrs. 

In an attempt to clarify the role of high temperature preannealing, the deep 
level concentrations were determined in "as grown" crystal segments and preannealed. 
As seen in Fig. 5, two distinct acceptor deep levels were observed in "as grown" Si. 
The concentration of these levels decreased significantly upon preannealing, as 
shown in Table I, indicating that these levels do not originate in impurity atoms, 
but rather in impurity atom-point defect complexes. Although the relationship 
between the results of Fig. 4 and Table I is not clear at present, it points to 
the conclusion that the thermal donor generation is a point defect-assisted process. 

In summary, oxygen in "as grown" Si or upon heat treatments, employed in 
device processing, has pronounced effects on electronic properties controlling 
device performance. These effects appear to be the result of oxygen interactions 
with point defects or point defect complexes. Identifying the nature and achieving 
control of these interactions should prove of paramount importance in optimizing 
device performance and stability. 
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TABLE I. - DEEP ACCEPTOR LEVELS IN Si AND THE EFFECT OF PREANNEALING AT 1200° C FOR 
30 MINUTES 


Sample 

0.19 eV 

0.43 eV 

A 

2.4 X 10^^ 

1.2 X 10^^ 

As Grown 

A' 

2.7 X 10^^ 

1.2 X 10^^ 




,„10 

„ 10 


B 

7.2 X 10 

7.2 X 10 

Preannealing 





B" 

undectable 

undectable 
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Figure 1. Schematic representation of double laser scanning absorption. 



Figure 2. Thermal donor concentrations activated by heat treatment at 450°C 
for 4 hrs as a function of oxygen concentration. Straight line represents 
proposed relationship between thermal donor and oxygen concentrations 
(ref. 3) . 
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Distance (mm) 


Figure 3. Variation of oxygen concentration (CO 2 laser absorption) and 

lifetime as a function of distance along the growth direction (see text). 



Annealing time (hrs) 

Figure 4. Carrier concentration as a function of annealing time at 450®C 
• "as grown" Si; o preannealed at 1200°C for 30 minutes. 
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EFFECTS OF IN3ECTION CHARGE DISTRIBUTION ON THE PERFORMANCE 
OF RADIATION DAMAGED, HIGH RESISTIVITY CELLS 

I. Weinberg, C. Goradia*, and C,K. Swartz 
NASA Lewis Research Center 
Cleveland, Ohio 


Extended Abstract 

Previous results indicate that, contrary to expectations, for sufficiently 
high cell base resistivities, the radiation resistance of silicon solar cells 
decreases as cell resistivity increases (ref. 1). This result was observed 
for n'^'pp'*' cells of 84 and 1250 J5-cm base resistivities, the data being 
analyzed using a theory valid only under open circuit conditions (ref. 2). 

From this a qualitative argument was presented to show that the increased 
degradation was due primarily to an increased voltage drop in the cells' base 
region (ref. 1). In the present case we use an analytical model, valid over 
all cell voltages, to place our previous qualitative conclusions on a firmer 
quantitative basis. Since loss of conductivity modulation is attributable to 
the behavior of the base injected charge distribution (ref. 3), we pay partic- 
ular attention to this factor in our present treatment of the data. 

Normalized maximum power as a function of fluence, after irradiation by 1 
MeV electrons, is shown in figures 1 and 2. Also shown in figure 1 are the 
data for a 10 fi-cm silicon cell with BSF (ref. 4). From both figures it is 
readily seen that in the resistivity range shown, as cell base resistivity in- 
creases the radiation induced degradation increases. This is the reverse of the 
behavior usually observed for cells in the lower resistivity ranges (ref. 4). 

Base majority carrier concentrations, in the present unirradiated cells, 
are lower than the injected minority carrier concentrations at air mass zero. 
Hence, the usual low injection models do not apply. For this reason, we have 
developed a model, valid for both high and low injection levels, to use in 
treating the present data. Additional details have been presented in a pre- 
vious publication (ref. 5). The model takes into account nonuniform optical 
carrier generation, band gap narrowing, generation, and recombination in the 
n'^'p space charge region, wavelength-dependent reflection coefficients, and 
ohmic and Dember voltage contributions in the base region. 

Schwartz et al. (ref. 3) have shown the importance of the base minority 
carrier distribution as a factor in cell degradation under high injection 
conditions. Calculations for a BSF cell under these conditions show that, 
with increasing cell current, the injected carrier concentration at the back 
junction decreases, with the region of low concentration progressively 
extending toward the front junction (ref. 3). In the present case, a similar 
situation holds for the high resistivity cell as diffusion length decreases 
with fluence (fig. 3). At the lower fluences the cell of figure 3 is in high 
injection. With increased fluence, the injected carrier concentration 
decreases, and portions of the cell near the back junction are in low 
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injection. As the injected carrier concentration is lowered, the ohmic 
voltage drop across the cells' base region is anticipated to contribute 
significantly toward cell degradation. However, as cell thickness decreases, 
the diffusion lengths are still large enough, compared with cell thickness, 
that one does not encounter the gradient of injected carrier concentration 
seen in figure 3. This is illustrated in figure 4 for the thinnest higher 
resistivity cell. In this case, although the injected carrier concentration 
is higher than the base concentration, the cell base resistivity is still high 
enough to contribute a significant ohmic drop in the cells' base region. 
Behavior of the injected carrier concentration for the thicker 84 n-cm cell 
is shown in figure 5. In this case the cell is near the high injection 
condition at low fluence, the entire cell being in low injection at the higher 
fluences. Similar calculations of charge densities were carried out for all 
cells except the 10 n-cm cell of figure 1. These served as the basis for 
calculating components of the cell output voltage V where 

V = Vi + V2 - -Vohmic “ ^f^s (1) 

where and V 2 are the front and rear junction voltages, is the Dember 

potential, Vg^mic ohmic voltage drop across the cells' base region and 

IR 3 is the remaining series resistance voltage drop due to cell components oth- 
er than the base. The computed voltage drops a»^e shown in figures 6 and 7 for 
the thicker cells of both resistivities. The ohmic drop is seen to be the dom- 
inant factor in degradation of the higher resistivity cell. As expected, the 
ohmic contribution diminishes with decreased cell resistivity but remains a 
significant factor in the thicker low resistivity cell. As shown in figure 8 , 
this component diminishes with cell thickness, but is still significant in the 
thinner high resistivity cell, and is nontrivial in the thinner lower resistiv- 
ity cell. 

The present results indicate that as cell resistivity increases, the base 
injected minority carrier distributions, leading to lack of conductivity mod- 
ulation, are increasingly significant factors in radiation-induced cell degra- 
dation. Although, for the cells presented here, degradation increases with 
increased resistivity, cells of lower resistivity show decreased degradation 
with increased resistivity (ref. 4). Thus, there appears to be a trade-off 
between decreased radiation-induced degradation due to decreased dopant con- 
centration and the degrading effects of ohmic voltage drops. 
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DIFFUSION 



Figure 3. - Injected carrier concentration in cell's base region at Pmax* 
p = 1250 fl-cm; thickness = 250pm. 
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Figure 4. - Injected carrier concentration in cell's base region at Pfjiax- 
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Figure 5. - Injected carrier concentration in cell base, p = 84 n-cm, 
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Figure 1. - Normalized maximum power versus 1-MeV electron fluence for high 
resistivity cells. Cell thickness, 101 to 305 \im. 
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Figure 2. - Normalized maximum power versus 1-MeV electron fluence for high 
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t^ADIATION DAMAGE AND ANNEALING IN LARGE AREA n+/p/P^ 

GaAs SHALLOW H0M03UNCTI0N SOLAR CELLS 

DJ. Flood, D.3. Brinker, C.K. Swartz, and R.E. Hart, 3r. 

NASA Lewis Research Center 
Cleveland, Ohio 

and 

John C.C. Fan 
Lincoln Laboratory 

Massachusetts Institute of Technology 
Lexington, Massachusetts 

SUMMARY 

Annealing of radiation damage has been observed for the first time in 
VPE-grown, 2- by 2-cm, n'*'/p/p'‘' GaAs shallow homojunction solar cells. Elec- 
trical performance of several cells was determined as a function of 1-MeV 
electron fluence in the range of 10^^ to 10^^ e'/cm^ and as a function of 
thermal annealing time at various temperatures. Degradation of normalized 
power output after a fluence of 10^^ 1-MeV electrons/cm^ ranged from a low of 
24 to 31 percent of initial maximum power. Normalized short circuit current 
degradation was limited to the range from 10 to 19 percent of preirradiated 
values. Tiiermal annealing was carried out in a flowing nitrogen gas ambient, 
with annealing temperatures spanning the range from 125° to 200° C. Substan- 
tial recovery of short circuit current was observed at tempertures as low as 
175° C. In one case improvement by as much as 10 percent of the postirradi- 
ated value was observed. The key features of these cells are their extremely 
thin emitter layers (approximately 0.05 ym), the absence of any AlxGa]^_^As 
passivating window layer, and their fabrication by vapor pnase epitaxy. 

INTRODUCTION 

The GaAs shallow homojunction solar cell (refs. 1 and 2) is a potentially 
superior structure for space applications. Among the features of the cell 
which contribute to such performance are (1) the extremely thin (0.05 ym), 
highly doped n"^ emitter; (2) absence of the AlxGa]^_xAs surface passivating 
layer; ano (3) incorporation of the p-type base and p"^ back surface field re- 
gion. The thin n"*" emitter assures that most of the electron hole pairs, 

created by incident photons with energies greater than the 1.43-eV bandgap of 
GaAs, are generated in the p-type base region of the cell. Since electrons 
are the minority carriers in the p-type base, minority carrier diffusion 
lengths are expected to be greater than in n-type material with the same oop- 
ing density; hence, collection efficiency and resistance to radiation 
damage should be higher than in an equivalent p’^/n/n'*' structure. 

The cells incorporated in this study were fabricated at the Lincoln Labo- 
ratory (ref. 3) using the chloride transport method of vapor phase epitaxy 
(VPE). All are 2 by 2 cm in total area with anodic oxide antireflection coat- 
ings and electroplated tin front contacts. Back contacts are electroplated 
gold. A cross section of the cell structure is shown in figure 1. The shal- 
low n”*" emitter is sulfur doped to 5x10^°, while the p region dopant varied 

from 4x10^® to 6x10^^ cmr^. 
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RESULTS AND DISCUSSION 

Irradiations by 1-MeV electrons were conducted at room temperature using 
the Lewis Research Center Dynamitron accelerator at five fluences ranging 
from 1x10^^ to IxlO^^ e~/cm2. Characteri sties were determined after each 
irradiation using a xenon arc solar simulator with a flight-calibrated GaAs 
reference cell as a standard. Six cells were irradiated in this study, these 
original efficiencies ranging from 13.6 to 15.6 percent AMO. Figure 2 shows 
the hormalized short-circuit current as a function of 1-MeV electron_f luence 
for its "best" cell (that cell showing minimum degradation after 10^^ e~/cm2 
f luence). The short-circuit current was normalized to preirradiated values. 

The best cell degraded 10 percent, the worst cell 19 'percent at a f luence 
of lO^^/cm^ with an average degradation of 13.5 percent. Normalized maximum 
power degradation as a function of fluence is shown in figure 3. The best 
cell here, the same cell of figure 2, showed a degradation of 24 percent 
at a fluence of 10^^ e'/cm^. The worst cell degraded 31 percent while the 
average was 26.2 percent. A slight drop in fill factor was noticed in the 
cells when comparing preirradiation and postirradiation values, although the 
differences are barely outside the range of experimental error (+1.0 percent). 

Annealing of this radiation damage has been observed for the first time 
in shallow homojunction solar cells. To date, annealing has only been 
reported in heteroface, liquid phase, epitaxially (LPE) grown cells. Thermal 
annealing was done in a flowing nitrogen gas ambient at room temperatures 
ranging from 125° to 200° C. Periodic measurements of I-V and spectral 
response were made to monitor cell performance. No annealing was seen at 125° 
C. Figure 4 shows the normalized short-circuit current as a function of 
annealing time at 175° and 200° C after irradiation at a fluence of lOl^e-Zcm^, 
The cell annealed at 175° C showed the largest degradation after irradiation, 
to 81 percent of the original value. It recovered to 88 percent after 15 hr; 
further annealing to 40 hr showed no additional increase. The cell annealed 
at 200° C exhibited less initial degradation, to 85 percent of preirradiated 
value, and recovered to 95 percent after 15 hr. Again, further annealing to 
40 hr did not increase the response. Normalized maximum power as a function 
of annealing time is shown in figure 5. Twenty-five hours at 175° C raised 
the maximum power from 70 to 76 percent of preirradiation values. Recovery at 
200° C was from 75 to 90 percent after 20 hr of annealing. Further annealing 
did not increase recovery. Figure 6 is the spectral response of a cell 
irradiated to a fluence of 10^^ e'/cm^ before and after annealing for 40 
hr at 200° C. The data indicate that the loss in photocurrent is attributable 
entirely to damage in the base region of the cell. The shape of this recovery 
is compatible with the spectral response degradation seen in these cells as a 
function of 1-MeV fluence (ref. 4). 

CONCLUSION 

The GaAs shallow homojunction solar cells tested show good radiation tol- 
erance. Annealing of radiation damage has been seen for the first time in 
these cells at temperatures at low as 175° C. Spectral response measurements 
indicate that the observed damage and subsequent annealing occurs entirely in 
the p-type base region of the cell. These results are an early indication 
that VPE-grown, shallow homojunction GaAs solar cells have great promise for 
use in space solar arrays in radiation environments 
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Figure 3. - Normalized maximum power degradation in GaAs shallow homojunction 
cells. 



Figure 4. - Normalized short-circuit current versus annealing time. 
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Figure 5. - Normalized maximum power versus annealing time. 
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Figure 6. - Spectral response of an irradiated cell before and after annealing 


BASIS FOR EQUIVALENT FLUENCE CONCEPT IN SPACE SOLAR CELLS* 


A. Meulenberg 
COMSAT Laboratories 
Clarksburg, Maryland 

ABSTRACT 


The equivalent fluence concept is defined, and its use and potential problems 
are noted. Silicon and GaAs solar cells are compared in a radiation environment. 
The analysis indicates that valid equivalent fluence values may be easier to obtain 
in GaAs than in silicon. 


INTRODUCTION 


Solar cells have been modified continually to improve their performance and 
lifetime for various space missions. Since an accurate simulation of the space 
radiation environment is very difficult, a means was sought to conveniently irradi- 
ate cells and use this information to predict performance in space with reasonable 
accuracy. For reasons described below, 1— MeV electrons were chosen as the single 
irradiation source that was both convenient and capable of simulating (at least to 
some extent) damage caused by the various components of the space radiation environ- 
ment. Various means have been used to compare the damage to silicon solar cells by 
different energy protons and electrons with the damage resulting from 1-MeV elec- 
tron irradiation. The "1-MeV electron equivalent fluence" concept is used to com- 
pare the damage calculated or measured for isotropic monoenergetic irradiation with 
the damage measured for normally incident 1-MeV electrons. 

The 1-MeV equivalent fluence concept has been used with silicon cells for years 
with mixed success. The greatest application has been in standardizing the test 
procedure for comparing the radiation response of different cell designs or fabrica- 
tion procedures. The concept has been less successful in the prediction of degrada- 
tion in space, as explained below. Many problems that are experienced in the 
equivalent fluence concept for silicon will also be problems for GaAs. Two major 
questions need to be examined when considering an equivalent fluence model for GaAs: 

a. Was the concept really useful enough in the silicon solar cell field to 
warrant such a concept for GaAs? 

b. Is there a convenient and acceptable radiation type that can be used as the 
basis for comparison of radiation degradation studies in GaAs? 


*This paper is based upon work performed at COMSAT Laboratories under the sponsor- 
ship of the Communications Satellite Corporation. 
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To answer these questions many factors must be considered. The following is an 
attempt to construct the appropriate framework for such an effort. 


ASSUMPTIONS IN AN EQUIVALENT FLUENCE MODEL 


The assumptions of an equivalent fluence model are 1 ) that a radiation type and 
energy level exist that, alone, can reproduce the extent and nature of radiation 
damage from the various space radiation environments; 2) that the space radiation 
components are known well enough (quantitatively and qualitatively) to substitute an 
equivalent fluence for the space radiation; and 3) that an equivalent fluence can 
be determined for all the major components and energies by a reasonable laboratory 
experiment. To the extent that the first assumption is valid, the model is useful. 
The third assumption may be false even if the first two are correct. 

The major types of radiation damage to present space solar cells all involve 
displacement of atoms within the single crystal device. (Ultraviolet radiation dam- 
age to the solar cell coverslide assemblies is not considered here.) Electrons 
typically displace single atoms from their lattice site. Protons generally produce 
single displacements and multiple or "cluster" displacements. Neutrons (which can 
be ignored in the natural environment) primarily generate large clusters of dis- 
placed atoms. Population densities of the space electrons and protons normally de- 
crease rapidly with increasing energy. This preponderance of low energy particles 
and the fact that they are generally isotropic means that the damage produced is 
much higher near an exposed surface of a device than in deeper regions within the 
cell. This nonuniform damage profile is the basis for effective shielding; however, 
it complicates the equivalent fluence model, which often assumes uniform damage to 
simplify mathematical analysis. 

Different solar cells respond to the various radiation components in different 
ways. The nature of this damage depends upon the dominant damage mechanisms and the 
contribution to these mechanisms from each type of radiation. Since solar cells are 
minority carrier collection devices, reduction of the minority carrier diffusion 
length is generally the major damage mechanism. However, under certain circum- 
stances, undoping (either by compensation or by coordination of a mobile defect with 
a donor or acceptor site) may be the primary source of solar cell power loss. 

Each satellite orbit has a characteristic blend of electron and proton energies 
and densities. These energies and densities are not always well known and may even 
change from hour-to-hour or year-to-year. Under such conditions, the selected en- 
vironment (the second assumption) will introduce a greater error in damage predic- 
tion than that caused by the uncertainties in equivalent f luences . As these 
environments become better defined by space experiments, the errors in equivalent 
fluence models can become critical. A major source for such errors is the labora- 
tory experiment used to determine the equivalent fluence of a certain radiation 
type. Such errors (which influence the third assumption) have been observed to re- 
sult from nonuniform damage, incorrect damage profiles, dose rate dependence, anneal 
characteristics, injection level effects, and inappropriate fluence levels. In many 
cases, the prediction of cell degradation in space by use of equivalent fluence mod- 
els is very approximate unless the models have been verified or modified by space 
data for a particular environment. In some cases, the use of an equivalent fluence 
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can be misleading, even for only a comparison of cells, because the critical damage 
mechanisms may be different for the cells. 


EQUIVALENT FLUENCE MODELS FOR SILICON CELLS 


In the early 1960's, the concept of 1-MeV electron equivalent fluence values 
became accepted for damage to silicon solar cells (ref. 1). The Solar Cell Radia- 
tion Handbook* has carried on this tradition and tried to update its use. Instead 
of a historical development of this concept, reasons for present acceptance and res- 
ervations will be briefly described. 

Cobalt 60 gamma cells and 1.5 -»■ 2.5 MeV electron accelerators are common and 
easily used without the need for introducing cells into a vacuum system. The ®®Co 
gamma rays generate electrons with maximum energies less than 1 MeV and an average 
of ~600 keV. This radiation environment would then reproduce the space electron en- 
vironment damage quite well. However, protons generate defect clusters and the 
gcimma cell does not provide electrons with enough energy to generate more than a 
minute quantity of non-single displacement defects. The 1-MeV electrons will gener- 
ate nearly an order of magnitude more divacancies than the gamma cell dose for the 
same generated electron fluence , and these defects are common in proton irradiated 
silicon. Use of higher energy electrons will increase the generation of di vacan- 
cies, but will not provide cluster and higher-order defects necessary to better sim- 
ulate proton damage. The 1-MeV electron is therefore a good choice for use as the 
basis for an equivalent fluence when proton generated damage from complex defects is 
not cl major contribution to the total cell degradation. 

The relative damage between 1-MeV electrons and other radiation has been deter- 
mined in two ways (ref. 2). One way is a comparison of cells at the 25-percent deg- 
radation point. Cells are irradiated by normally incident protons or electrons of 
various energies ; the f luences required to degrade the AMO I-V characteristics by 
25 percent are compared to the fluence of 1 MeV normally incident electrons required 
to give the same degradation. The main advantages are the simplicity of generating 
the data and the comparison of data under illuminated conditions as expected in 
space. One disadvantage is that, in solar cells heavily damaged by a single type 
and energy of radiation, the nature of the damage is often too different from that 
generated by a space or 1-MeV electron environment to be realistically compared. 
Another problem is that the results compare normal incidence vs normal incidence 
irradiation, not the isotropic vs the normally incident irradiation of the 1-MeV 
equivalent fluence definition. 

A second and mathematically satisfying method of specifying damage is the 
comparison of minority carrier diffusion lengths at different levels of normally 
incident monoenergetic irradiation. This latter method has a disadvantage in that 
the diffusion lengths are generally determined at low injection levels rather than 
under space illumination levels. This problem can be rectified, but the experiment 
is tliereby made more complicated. In proton irradiated cells, the injection level 
effect can be as high as 2.5. This means that the equivalent fluence determined at 


*JPL Publication 77-56. 
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low injection levels will be 2.5 x higher than that determined at higher 
levels (ref. 2). 

Both methods of comparing damage are inaccurate \*en the damage from one or 
both sources is nonuniform (such as from low energy protons). Another source of 
error is the annealing or recovery of a portion of the radiation damage. Electron 
damage typically anneals over several weeks at room temperature, however, proton 
damage anneals after several days. In space, the damage anneals as it accrues; 
therefore, data must be compared after annealing is complete when establishing 
equivalent f luences or predicting degradation in space . 

The technique of determining equivalent fluence compares the damage from iso- 
tropic monoenergetic radiation to the normally incident 1-MeV electrons (ref. 1). 
This method requires mathematical manipulation of normally incident radiation data, 
to calculate isotropic damage (refs. 3-5), or it requires actual isotropic irra- 
diation. The mathematical manipulation is difficult, if no simplifying assumptions 
are made, and generally incorrect, if they are made. Only a few attempts have been 
made to actually irradiate solar cells from different angles to simulate an iso- 
tropic irradiation (refs. 3, 6, and 7). More efforts in this area have been com- 
pleted [M. W. Walkden, results to be presented at the Photovoltaic Generators in 
Space Conference, Bath, England, May 1982] and are planned for 1982. 

The mathematical conversion of normally incident radiation damage to isotropic 
radiation damage requires an accurate description both of the cell damage along the 
radiation path length and the geometry of the cell and its covers lide assembly. 

An assumption of equal damage probability along the path length makes calculations 
easy, but is not valid for protons with energies below s:40 MeV. In addition to gen- 
erating the wrong equivalent fluence with this assumption, an incorrect fluence de- 
pendence would be calculated for the equivalent fluence . This fluence dependence 
(fig. 1) is more correctly a diffusion length dependence and simply indicates the 
portion of a cell over which carriers are collected. 

Actual experiments with simulated isotropic monoenergetic radiation will reduce 
many of the problems associated with the mathematical transformation from normal in- 
cidence to isotropic irradiation. Nevertheless, severe problems remain in silicon 
because the damage is nonuniform throughout the active region, and the solar cell 
electrical characteristics are generally calculated based on uniform diffusion 
lengths throughout the base of the cell. To correctly calculate the damage coeffi- 
cients for nonuniform damage, the nature and profile of the damage must be known and 
included in the exact diode equations without the assumption of uniformity (ref. 8). 
The type and/or number of experiments must be increased to fulfill these 
requirements . 

For an idea of the nonuniformities involved for proton damage in silicon, the 
displacement profiles for normally incident and isotropic irradiation can be exam- 
ined. Nonpenetrating protons, normally incident on a silicon solar cell, will leave 
a region near the end-of -range which has a displacement density that may be orders 
of magnitude greater than in nearby parts of the cell (fig. 2a). An isotropic 
fluence of protons, with an energy spectrum representative of a solar proton flare 
environment at synchronous altitudes, would provide a factor of 5 to 10 difference 
in the displacement density from one side of the cell to the other (fig. 3). The 
narrow, heavily damaged region of the normally irradiated cell is somewhere within 
the cell bulk; its position depends upon the beam energy. The most heavily damaged 
region from the space environment is at the exposed surface; the damage gradient 
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depends upon the coverslide thickness. To compound this problem, four types of pro- 
ton damage in silicon have been identified (ref. 4) and each has a different energy 
dependence. These different types of damage can also affect the cells differently, 
depending on the injection level and Fermi level within the cell. It is, therefore, 
exceedingly difficult to compare a monoenergetic normally incident proton beam 
(fig. 2a) to a monoenergetic isotropic proton beam (fig. 2b); however, this com- 
parison is required to calculate an equivalent fluence from laboratory data. Iron- 
ically, the damage profiles from the space proton and electron environments are more 
similar than those produced by the laboratory sources. Therefore, an equivalent 
fluence is more accurately provided by comparing cell degradation in space with deg- 
radation by 1-MeV electrons in the laboratory. Unfortunately, this technique does 
not provide a good basis for a significantly different environment. 

Two cases are mentioned as examples of using the equivalent fluence for pre- 
dicting proton degradation of silicon solar arrays. The August 1972 solar flare was 
observed to degrade a number of solar panels on the INTELSAT IV series. Analysis of 
the degradation indicated much higher proton fluences than were then recorded by ex- 
periments on board ATS-1 . When final corrections to the ATS-1 data were published a 
year later, the results were in excellent agreement with the numbers predicted by 
analysis (which involved use of the 1 -Me V equivalent fluences) of the array degrada- 
tion made one month after the event. 

The second case is the solar cell experiment (ref. 9) on NTS-1 , which followed 
an inclined orbit at 13,529 km. The observed cell degradation was much greater than 
that predicted from laboratory data and the equivalent fluence model. 

What accounts for the apparent success of the equivalent fluence model in the 
first case and the gross failure in the second? A series of mistakes, made from 
necessity, canceled themselves out in the successful case, but showed up in the 
failed case. What mistakes can be identified in retrospect in the analysis and v^y 
did they occur? 

The following are possible reasons: 

a. The only equivalent fluence values available were based on a simplistic 
model of radiation damage for 1 S^-cm cells (but based on space data) from 1963 
(ref. 1). The INTELSAT IV flight cells were 8-10 fi-cm and fabricated nearly a 
decade later . 

b. The proton energy spectrum for synchronous altitudes was based on lim- 
ited data obtained for solar proton flares during cycle 19. These data are overly 
severe in the low energy region (<10 MeV), thereby increasing the predicted damage. 

c. The third mistake, v^ich compensated for the second, was in the modeling of 
the equivalent fluence v^ich underestimated the equivalent fluence values for 1 0-cm 
cells. These mistakes canceled out in this case for synchronous orbit. 

When the equivalent fluence model failed,' conditions were different. The cells 
examined were ~2 (2-cm; therefore, no significant uncertainty in the damage for dif- 
ferent resistivities was encountered. The environment model did not have a bias in 
the most damaging proton energy range, which would increase the predicted damage. 

The equivalent fluence values were the same as those in the first case; but this 
time, there were no overestimated environment values to compensate for the incorrect 
model . 
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This incorrect model is still being used by many people because, for synchron- 
ous orbit, the results have not yet been proven false. Since the damage from pro- 
tons for cells and coverslides >8 mils is less than that from electrons (even in the 
worst case), the errors in the model are not likely to be overly important. As 
cells, coverslides and back surface protection become thinner (<4 mils each), proton 
dcimage will begin to dominate. The environment is constantly being refined, and 
margins for error are constantly being reduced as spacecraft design is optimized. 
These trends indicate abandonment of the present equivalent fluence values and 
models unless someone is willing to pay for a corrected version. Many people who 
predict space degradation have in-house computer damage models and/or have an expe- 
rimental base for their predictions. However, based on the above arguments, none of 
the published values or models for 1-MeV equivalent fluence values for single energy 
proton (and probably electron) damage to silicon appear to be correct (ref. 5). 


GaAs VERSUS SILICON 


It was pointed out in the previous section that for silicon, the concept of 
equivalent fluences, as presently defined, can vary from being a useful fiction to 
b€iing a potentially dangerous trap. The situation may be different in GaAs for sev- 
eral reasons; some make it worse, some better. 

The active region for GaAs cells is generally 5-10 ym compared to the >200 ym 
b€iginning-of-life active region of a silicon solar cell. This means the following: 

a. The influence on cell behavior from nonuniformities in normally incident 
proton damage observed in silicon is apparent at much lower energies in GaAs cells. 

b. The damage difference from front to back of the active region of a GaAs 
cell in the space environment is negligible; therefore, an assumption of uniform 
damage is reasonable for GaAs cells, but not for Si cells. 

c. The active region being limited to near the surface in GaAs cells implies 
that the average radiation within the active volume from the space environment is 
greater in a GaAs cell than in a silicon cell, even if the coverslide protection is 
identical . 

The damage mechanisms for GaAs and Si cells are different: 

a. The voltage and fill factor in GaAs cells are generally dominated by junc- 
tion recombination (n = 2) (ref. 10), compared to the bulk recombination dominance 
in silicon cells (n = 1 ) . 

b. For uniform radiation damage, this dominance by the junction recombination 
in GaAs cells does not change (ref. 11). 

c. The nature of damage in silicon has been found to be fluence depend- 
ent (ref. 12); the damage in GaAs has been found to be fluence dependent (ref. 11) 
and dose rate dependent (Li et al., and Loo et al., to be presented at the 16th 
PVSC, San Diego, California, September 1982). 
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d. Present GaAs solar cells generally have a different spectral response deg- 
radation under irradiation than silicon solar cells, which show only degradation 
from the red end. The fact that the GaAs cells degrade throughout the full spectral 
range [the extent in each region depending upon the junction depth (ref. 11)1, fur- 
ther complicates the prediction of space degradation for these cells. 

After a survey of the differences between GaAs and silicon solar cells, it 
seems that an equivalent fluence would be easier to define and properly use in GaAs 
than in silicon. The critical factor would appear to be the relative uniformity of 
the space radiation damage throughout the active region of the GaAs cell. It may 
well be that 1-MeV electrons are not the preferred basis for the equivalent fluence. 
The 1-MeV protons at low fluence might be a better choice, although the electrons at 
high flux might provide an adequate simulation of proton damage. 


CONCLUSIONS 


The 1-MeV electron equivalent fluence concept has been often used, and misused, 
in place of an understanding of space radiation effects in silicon solar cells. A 
large quantity of laboratory data is being generated on radiation characteristics of 
GaAs solar cells, but until more space data become available and integrated with the 
laboratory data, an equivalent fluence concept is premature. Unless these tests are 
correctly interpreted (and hopefully correctly conceived), the equivalent fluence 
values determined for GaAs will be an unmarked scale, only useful to compare ob- 
served space data with some arbitrary laboratory radiation type and energy. In 
answer to the questions posed in the introduction, the 1-MeV electron equivalent 
fluence concept has been useful in silicon space cells despite its shortcomings; 
and, at least for many environments, a convenient and acceptable radiation type can 
probably be found to provide equivalent fluences for GaAs solar cells in space. 
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Figure 1 . Diffusion Length Damage Coefficients vs Proton 
Fluence for Bare Cell Sets Measured at Low Injection 
Levels. The Curves are Labeled by the Incident 
Proton Energy in MeV* 



(b) 
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Figure 2* Damage Depth Profiles for 
Normally and Isotropically Incident 
Protons. The proton End-of-Range 
is Denoted by Rq. 






GROWN-IN DEFECTS AND DEFECTS PRODUCED BY 1-MeV ELECTRON IRRADIATION 
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EXTENDED ABSTRACT 

Studies of grown-in defects and defects produced by the one-MeV electron irradi- 
ation in Alo. 3 GaQ yAs p-n junction solar cells fabricated by liquid phase epitaxial 
(LPE) technique have been made for the unirradiated and one-MeV electron irradiated 
(with electron fluence of IQI^, IQI^, and I 0 I 6 e/ cm^) samples, usxng DLTS and C— V 
methods. Defect and recombination parameters such as energy level, defect density, 
carrier capture cross sections and lifetimes were determined for various growth, 
annealing, and irradiation conditions. The results obtained from this study are 
discussed as follows: AlxGaj^.^As p-n junction solar cells (area 1 mm^) grown by 

LPE technique were fabricated by S. Bedair at the Research Triangle Institute in 
conjunction with their AlxGaq-xAs cascade p-n junction solar cell program supported 
by the Air Force Aeropropulsion Lab. Fig. 1 shows the four different solar cell 
structures which have been fabricated for our DLTS, C-V, and I-V measurements. Fig. 

1 (b) is the cell's structure used in our study of deep-level defects produced by the 
one-MeV electron irradiation. This structure is identical to the top cell of the 
cascade solar cell, reported by Bedair et altl] . Fig. 2 shows the DLTS scans of the 
electron trap (Ec~0.31 eV) for three AlxGai_xAs p-n junction solar cells shown in 
Fig. 1 (a) through 1 (c) . From our DLTS data, it is found that the Ge-doped 
AlxGaq-xAs p-n junction solar cells usually have lower defect density than that of 
the Be-diffused p-n junction solar cells shown in Fig. 1 (a) and Fig. 1 (b) . This is 
also the case for the hole trap shown in Fig. 3, where one hole trap with energy of 
Ev+0.18 eV was detected in both the Ge-doped and Be-diffused AlQ. 3 Gao. 7 As p-n junc- 
tion cells. Another interesting study is to investigate the effect of low tempera- 
ture thermal annealing on the defect density in the Alo. 3 GaQ. 7 As solar cell. Fig. 4 
shows the DLTS scans of electron trap vs. annealing time (2 and 5 hrs. at 300°C) . 

The results showed that the electron trap density was indeed decreased with increas- 
ing annealing time. Table 1 summarizes the defect parameters deduced from the DLTS 
and C-V data for the unirradiated Alo. 3 Gao. 7 As and GaAs solar cells shown in Fig. 1 
for different annealing times. Table 2 summarizes the defect parameters for the un- 
annealed and annealed Alo. 3 Gao. 7 As and GaAs solar cells shown in Fig. 4. To study 
the effect of one-MeV electron irradiation on the defects in the AlxGaq_xAs p-n 
junction solar cells grown by the LPE technique, we performed (done at the Air Force 
Aeronautical Lab.) the one-MeV electron irradiation on the AlQ.QGaQ yAs p-n junction 
solar cells shown in Fig. 1 (b) for electron fluence of lOl'^, 10l5, and I 0 I 6 e/cm^. 
The results are shown in Fig. 5 and Fig. 6 . Fig. 5 shows the DLTS scan of electron 
traps for the one-MeV electron irradiated Alo. 3 GaQ. 7 As solar cells as a function of 
electron fluence. Note that three electron traps with energies of Ec“0.12, 0.20, and 
0.31 eV were observed in the one-MeV electron Irradiated Alo. 3 GaQ. 7 As cells; the dom- 
inant electron trap was due to E^-O.dl eV. The density of this Ec~0.31 eV trap was 
found to increase with increasing electron fluence, while the other two shallower 
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electron traps showed less dependence on the electron fluence. In contrast to the 
GaAs p-n junction cells, no mid-gap deep-level traps were detected in the AIq 3 GaQ 7 - 
As p-n junction solar cells. Fig. 6 shows the DLTS scans of hole trap for the same 
cells shown in Fig. 5; only one hole trap with energy of Ev+0.18 eV was observed in 
these cells, and the density was found to vary from 2.75x1015 (for tfig = lOl^ e/cm2) 
to 5.93 x 1015 cm“3 (at <j)g = lO^^ e/cm^). Again, no mid-gap hole trap or new hole trap 
was observed in these electron -irradiated AljjGa]__jjAs p-n junction solar cells. 

Table 3 summarizes the defect parameters deduced from the DLTS data for the electron 
traps shown in Fig. 5. From the results of this study, it is concluded that: (1) for 
the unirradiated Alo. 3 Gao. 7 As p-n junction cells, the dominant electron trap is due 
to E(,-0.31 eV and the dominant hole trap is due to Ev+0.18 eV; thermal annealing will 
effectively reduce the density of both electron and hole traps, (2) Ge-doped Alo. 3 ~ 
Gsq yAs p-n junction cells contain lower defect density than the Be-diffused cells, 
(3) one-MeV electron irradiation in the Alo. 3 Gao, 7 As p-n junction cells produces 
only one hole trap (i.e., E^+0.18 eV) and three electron traps (E^-0.12, 0.20, and 
0.31 eV) ; no mid-gap deep level defects were observed, (4) defect density does in- 
crease with increasing electron fluence, and (5) the DLTS data showed that AI 0 . 3 - 
Gao. 7 As p-n junction solar cells may have more radiation tolerance than that of GaAs 
p-n junction solar cells reported in our previous papert^]. 


*Research supported by Air Force Aeropropulsion Lab., AFWAL, subcontract through 
Universal Energy System Inc., task 6 . 

(1) S. M. Bedair, M. Lamorte, and J. Hauser, Appl. Phys. Lett. , vol. 34 , p. 38 (1979). 

(2) In the same proceeding of this workshop. 
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Table 1 


Measured and Calculated Defect Parameters in n-Alg _ jGag _ ,As and n-GaAs 
LPE Layers. 


Sample 
. No. 

Trap Density (cm 

Energy Level (eV) 

Capture Cross 
Section (cm^) 



Electron 

Hole 

Electron 

Hole 

a 

n 

i 

T 

n 

m 

Electron 


Y-015B 

6.63x10^^ 

6x10^^ 

E -0.31 
c 

E +0.18 

V 

3.37x10*^^ 

- 

0.015 

- 

'^Ga 

- 

Y-015C 

5.99x10^^ 

- 

E -0.31 
c 

- 

4.23x10“^^ 

- 

0.13 

- 

''Ca 

- 

L-119D 

9.34x10^° 

- 

E^-0.31 

E +0.18 

V 

4.49x10"^^ 

- 

0.79 

- 

'^Ga 

B 

L-138D 

7.1xl0l° 

5.46x10^° 

E -0.42 
c 

E +0.40 

V 

1.29x10”^^ 

- 

0.35 

- 

- 

B 

1.71x10^^ 

4.1x10^^ 

E -0.60 
c 

E^+0.71 

-12 

1.25x10 

- 

0,23 

- 

- 



Table 2 . Defect Parameters for the Unannealed and the Annealed Al. ,Ga„ .,AS and 
GaAs LPE Layers. 


Sample 

No. 

Annealing 

Condition 

Electron Trap 

Hole Trap 

(cm ®) 

E^-Ej. (eV) 

HBSD 

E^+E^ (eV) 

N^ (cm 

Y-015C 

Unannealed 

0.31 

6.0x10^^ 

0.18 

<10^° 

2.6x10^® 

Y-015C 

300°C,2 hrs 

0.31 

4.4x10^^ 

0.18 

<10^° 

5.7x10^® 

Y-015C 

300°C,5 hrs 

0.31 

3.6x10^^ 

0.18 

<10^° 

3.5x10^® 

L-138D 

Unannealed 

0.42 

7.1x10^^ 

0.4 0 

5.5x10^° 

2.8x10^® 

0.60 

1.7x10^^ 

0.71 

4.1x10^^ 

3.6x10^® 

L-138D 

300°C,2 hrs 

0.42 

1.2x10^° 

0.40 

2.7xl0l° 

2.1x10®-® 

0.60 

4.7x10^° 

0.71 

2.4x10^° 

2.4x10®® 

L-138D 

300°C,5 hrs 

0.42 

1.0x10^ 

0.40 

1.3x10^° 

2.5x10®® 

0.60 

6.6x10® 

0.71 

1.5xl0“ 

2.4x10®® 


Table 3 . Electron Traps in One-MeV Electron Irradiated 
AIq ^As P-N Junction Solar Cells 


Electron Fluence 
(e/cm^) 

Nj (cm ®) 

E.J, (ev) 

(cm ®) 

a (cm^) 
n 


0 

1.14x10®^^ 

E -0.12 
c 

E -0.20 
c 

E -0.31 
c 

14 

1.6x10 

14 

2.2x10 

1.04x10®^ 

2.63x10”®® 

-13 

1.64x10 

172.8 

5.86 

10®^ 

1.03x10®^ 

E -0.12 
c 

E -0.20 
c 

E -0.31 
c 

2.1x10®^ 

4.3x10®® 

7.8x10®® 

2.63x10”®® 

1.64x10”®® 

8.8 4 
0.078 

10®® 

1.26x10®^ 

E -0.12 
c 

E -0.20 
c 

E -0.31 
c 

1.9x10®® 

6.5x10®® 

1.11x10 

2.63xl0“®® 

1.64x10”®® 

5.85 

GD55 

10®® 

1.16x10®’ 

E -0.12 

E -0.20 
c 

E -0.31 
c 

■j 9 inl5 
2 . 2x10 

3.9x10^^ 

l6 

1.8x10 

2.63xl0”^^ 

-13 

1.64x10 

9. 75 
QC34 
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PROGRESS IN DEVELOPING HIGH PERFORMANCE SOLAR BLANKETS AND ARRAYS* 


John Scot t-M one k 
Jet Propulsion Labotatory 
California Institute of Technology 
Pasadena, California 


INTRODUCTION 

The development of high efficiency (> 13% AMO), ultrathin (50 ym) silicon 
solar cells offers both opportunity and challenge. It is possible to consider 400 
W/kg blanket designs by using this cell in conjunction with flexible substrates, 
ultrathin covers and welded interconnects. By designing array structure which is 
mechanically and dynamically compatible with very low mass blankets, solar arrays 
with a specific power approaching 200 W/kg are achievable. Further improvements 
in blanket performance (higher power and lower mass per unit area), which could 
come from the Implementation of higher efficiency cells operating at lower tempera- 
tures (silicon or GaAs), and the use of encapsulants , would result in the develop- 
ment of 300 W/kg solar arrays. There is a trend toward higher power. 

There is a tred toward higher power and longer operating life in nearly every 
future mission being planned, whether for NASA, defense or commercial application. 

It is also becoming apparent that the Shuttle launch capability will not grow as 
rapidly as had been orginally anticipated. Thus there is a need for the development 
of low mass solar arrays. 


APPROACH 

Figure 1 is a plot of beginning of life (BOL) array specific power as a function 
of array structure mass per unit area. It is possible to develop an optimum strategy 
for providing a high performance array by analyzing the relationship between array 
performance and the figures of merit for the blanket and structure components. It 
is apparent that increasing the specific power of the array blanket will provide 
much greater initial improvements in array specific power. 

However as the blanket specific power increases (lower mass per unit area) 
for a fixed structure mass, the dynamics of the array begin to change. Thus it 
becomes necessary to modify the structure to bring the array into conformance with 
such requirements as stiffness and natural frequency. Even excluding array dynamics 
from consideration, lowering the structure mass becomes an attractive and even 
necessary option if array specific power is to exceed 150 W/kg BOL. Therefore 
once a relatively high performance blanket (> 250 W/kg) is achieved, efforts to 
develop a low mass structure become the more effective method of increasing the 
array's specific power. 


* The research described in this paper presents the results of one phase of research 
carried out by the Jet Propulsion Laboratory, California Institute of Technology, 
under contract with the National Aeronautics and Space Administration. 
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BLANKET DEVELOPMENT 


Simple calculatioas show that the present SEP blanket (105 W/kg), which re- 
presents current state of the art, would be improved to nearly 150 W/kg by replac- 
ing the baseline cells and covers with ultrathin versions. Thus there is a strong 
incentive to develop a cost effective and scaleable approach to fabricating ultra- 
thin solar cell blankets. The prospect that ultrathin GaAs solar cells will be 
available within this decade is another strong argument for pursuing this effort. 

Manufacturing Methods 

NASA-JPL is presently sponsoring three contracts aimed at devising a method 
for assembling ultrathin components. One effort seeks to retain as many conven- 
tional manufacturing processes as possible and concentrate on modifying only those 
that are proven to be incompatible. The rationale for this philosophy is that 
based on current projections for array demand and the fact that ultrathin cell 
blankets will not capture the near-term market, the expense to recapitalize for 
this new technology cannot be justified. 

Substantial progress in producing ultrathin cell modules has been made using 
this approach, and a prototype module has been subjected to over 6000 thermal 
cycles (+80 to -80°C) without any significant electrical or mechanical degradation. 
The baseline process uses a kapton substrate, conventional DC 93-500 adhesive for 
substrate and cover bonding, welded silver-plated invar interconnects, 62 ym cells 
and 50 ym glass covers (ref. 1). 

A second effort seeks to reduce the difficulty in handling these parts by in- 
vestigating the use of automated machinery to interconnect the cell strings. In 
this approach ultrasonic welding of silver mesh is employed. Results to date 
indicate that weld joints with acceptable pull strength (200 gms in shear) and 
less than one percent electrical degradation can be achieved with this technique. 
Methods for bonding covers have also been developed. 

A third parallel activity has developed special tooling, based on concepts 
proven effective for terrestrial module fabrication, to minimize the amount of 
handling operations the ultrathin cells and covers receive during assemby. The 
initial trial run using this cell-interconnect-registrationtool (GIRT) showed a 
dramatic improvement in yield as compared to conventional handling processes. 

Further work is now underway to make improvements in the tool design. Although 
parallel-gap resistance welded interconnects were used for the proof test, a sub- 
stantial effort will be made in this phase to investigate the possibility of laser 
welding as a joining method. 

Ultrathin Solar Cells 

The NASA-JPL pilot line program demonstrated that ultrathin silicon solar 
cells could be produced in quantity (ref. 2). Cells from this program, along with 
versions supplied by two space qualified sources, to a specification, are being 
used for the blanket development work. The newer versions incorporate such technology 
improvements as back surface reflectors, multiple antireflection coatings and an 
alternate back surface field technique. This recent procurement resulted in the 
delivery of cells with an average 28°C AMO efficiency of 12.5 percent, some cells 
exceeding 13 percent. 

JPL also procured an improved version of the ultrathin cell from the original 
supplier. The device employs a grldded back contact to reduce cell mass, and 
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cells exceeding 13 percent AMO were provided (ref. 3). This second generation 
ultrathin cell is an important milestone for achieving even higher levels of 
blanket specific power. It offers the potential of reducing cell bowing, since 
the amount of contact metal is the same on both sides, reducing cell mass and 
lowering cell operating temperature because most of the back surface is free of 
metal. 


It is expected that further modifications will be made to the ultrathin 
solar cell to Improve operating efficiency and handling properties. The feedback 
received from the blanket development program will be used to write a specification 
for an optimized ultrathin solar cell compatible with whatever blanket fabrication 
process is developed. 

Ultrathin Covers 

Many mission orbits require only minimal shielding, but until the development 
of the ultrathin cell, the thinnest covers available were ^100 ym. Prototype ultra- 
thin blankets used 50 to 75 ym microsheet glass which would not be acceptable for 
space use. Currently the blanket development programs are using 50 ym textured 
fused silica, but these covers do not have uv-rejection filters. Another alterna- 
tive is to use ceria-doped microsheet. Sample quantities of 50 ym material have 
been obtained and will be used in the program. 

Perhaps the most exciting candidate now being evaluated is a transparent polyi- 
mide polymer which was originally developed for commercial applications. Prelimin- 
ary testing, which has been very encouraging, has been performed. Details of this 
evaluation are provided in another paper published in this volume (ref. 4). 

A space qualified encapsulant is necessary in order to achieve a blanket 
specific power approaching 500 W/kg. By using an encapsulant, even thinner protec- 
tive layers (< 25 ym) could be considered, and no adhesive would be necessary, 
thus saving additional mass. Encapsulation would also provide major benefits for 
blanket fabrication with respect to labor cost and yield. 

Substrate 

The baseline blanket design employs very thin (25 ym) kapton sheets. This 
may not be practical for two reasons. Thin, flexible substrates offer very little 
protection from the effects of the omnidirectional space radiation environment. 

For low earth orbital applications this is of little consequence, but for high 
earth or geosynchronous applications, where radiation levels are at least 6x10^3 
equivalent 1 MeV electrons/cm^ annually, a thicker substrate may be necessary to 
protect the cells from backside radiation degradation. Trade-offs to determine 
the optimum substrate thickness for end of life array specific power will need to 
be done. Work is planned to determine the effects of space radiation on cells 
that have relatively little backside protection. 

A second concern which has to transferring extremely thin substrates which 
have cell assembly (cell plus cover) circuits bonded to them. Although it is re- 
latively easy to fabricate modules with thin substrates, it is much more difficult 
to join these modules into panels and ultimately integrate the panels into an array. 
Thus the present design will probably employ thicker (50 ym) composite, laminated 
or fiber reinforced substrates. 
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Adhesive 

Processes to provide extremely thin (_ 25 pm) adhesive bondlines for cover- 
glass and circuit bonding have not been reduced to practice. Presently 50 m 
bondlines are a realistic estimate for the blanket design. In the case of the 
coverglass, the implementation of an encapsultant such as the polyimide polymer 
now being evaluated, would eliminate adhesive. For substrate-circuit attachment, 
it may be necessary to consider "spot” bonding, wherein only certain areas of each 
cell are bonded to the substrate. This may cause the cell to run hotter, thus 
reducing power output. Therefore at some point it may be necessary to test this 
concept in order to obtain sufficient data to allow a trade-off to be made to 
determine the best approach to optimize end-of-life array specific power. 

Interconnects 

It is assumed that welding will be used for interconnecting. Currently 
three interconnect materials are being employed; silver, silver plated molybdenum 
and silver plated invar. The present practical lower limit of thickness for the 
base material is approximately 25 pm and in the latter two cases the amount of 
silver necessary to assure proper interconnect conductivity and weld suitability 
is in the order of 20 pm. 

Ideally it would be better to either reduce the thickness of the interconnect 
base material or consider a low mass, highly conducting material such as aluminum. 
The prospect for securing thinner interconnects is not good unless funding is 
provided to develop the necessary etching and rolling technology. Based on the 
current situation, it is more likely that attempting to develop lower mass inter- 
connect materials is the better approach. 

However the mass advantages may be compromised by the substantial mismatch 
in thermal coefficient of expansion between the solar cell (silicon or GaAs) and 
an interconnect such as aluminum. Work will be undertaken in the future to inves- 
tigate the possibility of using aluminum as an interconnect material, once the 
main problems associated with fabricating a space qualified ultrathin solar cell 
blanket are resolved. 

Harness 

In many analyses of blanket specific power, the mass of the harness or bus is 
not taken into consideration. Realistically the bus must be taken into account. 

The present harness material is copper and because of the low operating voltage of 
the array (30-40 volts), the harness mass is roughly 0.20 kg/m^ for the current 
baseline design. As the mass of the other blanket components is reduced, the 
Impact of the harness will act to constrain blanket performance. By increasing 
the operating voltage of the array to perhaps 120 volts and substituting aluminum 
for copper, the mass of the harness could be reduced to approximately .025 kg/m^. 

STRUCTURE DEVELOPMENT 

NASA-JPL sponsored an effort to develop array structure design concepts that 
would have low mass and be dynamically compatible with very low mass blankets 
(0.25 to 0.65 kg/m^). Three concepts were evaluated; the Astromast used for the 
SEP array, a modified version of the extendible support structure used on the 
Seasat spacecraft, and the stacking triangular articulated compact beam (STACBEAM) , 
which was finally chosen for further development. 
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The STAGBEAM design has many attractive features including low mass, sequen- 
tial deplo}nnent, high stiffness and the capacity for growth (ref. 5). Preliminary 
design work has begun and a working model of the beam, consisting of 8 bays or 
segments, has been built using graphite-epoxy. A breadboard model of the deployment 
mechanism has been constructed, and in the next phase a more accurate or "high 
fidelity" version will be constructed. Based on the progress to date, it appears 
that the STAGBEAM will provide the low mass array structure that is necessary to 
achieve solar arrays with specific power in excess of 150 W/kg. 

DISGUSSION 

Table 1 represents the best estimate of the current status of high performance 
solar cell blankets and arrays. It is based on the present progress of the various 
NASA-JPL programs supporting this effort. In order to present the most realistic 
assessment, contingency factors have been applied to the cell performance at array 
operating temperature. This approach has borrowed heavily from the SEP array de- 
velopment program. For example, the cell output has been derated to account for 
fabrication losses, cell mismatch, diode losses, array packing factor and tempera- 
ture. Although substantial progress has been made in the development of the 
STAGBEAM array structure, enough work remains so that it is not realistic to state 
that it is ready at present for space flight operation. Whether the present SEP 
array structure would prove compatible with current blanket mass per unit area is 
still not settled, but in an optimistic analysis, it is assumed suitable. 

Table 2 reflects the potential of the NASA-JPL programs now being pursued. 

As stated previously, a number of issues such as the thermal penalty associated 
with adhesive "spot" bonding and the practicality of alurainum interconnects remain 
to be resolved. Of even greater importance is the question of silicon solar cell 
efficiency at array operating temperature and the use of an encapsulation approach 
to replace conventional coverglass. It is expected that these will be major factors 
in determining the ultimate specific power of silicon solar cell blankets. A 
higher degree of confidence is attached to the efforts underway to develop a new, 
low mass array structure. 

The utility of employing GaAs solar cells has not been addressed because suf- 
ficient information on the technology is still unavailable. However comments must 
address certain aspects of thin GaAs cells. Recently there have been published 
reports concerning the potential of ultrathin (,_ 50 pm) GaAs devices (ref. 6, 

7 and 8). Much work remains before any of this technology can be realistically 
considered for space applications. If it were optimistically assumed that 10 pm 
GaAs solar cells with an AMO conversion efficiency, at operating temperature, ap- 
proaching 18 percent could be achieved in a manner lending itself to a cost effec- 
tive and practical approach to incorporation into space solar arrays, then space 
solar arrays with specific power at beginning-of-life exceeding 300 W/kg could be 
forecasted. 


GONGLUSIONS 

Encouraging progress towards achieving solar cell arrays capable of 300 W/kg 
(BOL) specific power has been made. Present technology involving advanced ultrathin 
silicon solar cells, welding and flexible substrates indicate that a solar array 
could be built, using current technology, that would be sixty percent better than 
the present state-of-the-art. Significant Improvements will occur in the near 
future, provided the current programs continue. It is not unrealistic to consider 
attaining 300 W/kg (BOL) silicon solar array technology based on current progress. 
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TABLE 1 


Present Blanket and Array Status 


COflPONENT 

i DESCRIPTION 

1 

i kg/m2 
1 

1 

1 

NOTES 

Substrate 

"1 

1 Kapton/50 ym 
1 

1 

1 .070 

1 

~T 

1 

1 

handling, radiation 

Adhesive (substrate) 

1 

1 DC-93-500/50 ym 

1 

1 

1 .055 

1 

1 

1 

bondline limitations 

Solar Cell 

1 

1 Silicon/62 ym 
1 

1 

1 .117 

1 

1 

1 

11% at op. temp. 

Cell Contacts 

1 

1 Silver/4 ym 
1 

1 

1 .005 

1 

1 

1 

gridded back, welding 

Adhesive (cover) 

1 

1 DC-93-500/50 ym 

1 

1 .044 

1 

1 

bondline limitations 

Cover 

1 

1 CMS/50 ym 
1 

1 

1 . 100 
1 

i 

thinnest available 

Interconnect 

1 

1 Mo, Invar, Silver/25 
1 

1 

ym 1 .018 

1 

1 

thinnest available 

Plating (IC) 

1 

1 Silver/20 ym 
1 

1 

1 .017 

1 

1 

1 

needed for Mo, Invar 

Padding, etc. 

1 

1 

1 .011 
1 

1 

1 

based on SEP 

Harness 

1 

1 Copper 
1 

1 .046 

1 

1 

1 

based on SEP 

. 

TOTAL BLANKET 

1 

1 

1 

1 

1 .483 

1 

T 

1 

1 

80% packing factor 

Array Structure 

1 

1 

1 

1 

1 .581 

1 

1 

1 

1 

SEP 

TOTAL ARRAY 

1 

1 

1 

1 

1 1.064 
1 

1 

1 

1 


Blanket Specific Power 231 W/kg (based on 112 W/m^) 

Array Specific Power 

105 W/kg 
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TABLE 2 


Anticipated Blanket and Array Performance 


COMPONENT 

n 

1 DESCRIPTION 

1 

1 

1 kg/m2 
1 

X 

1 

1 

NOTES 

Substrate 

1 

1 Composite/50 ym 
1 

1 

1 .070 

1 

X 

! 

1 

handling, radiation 

Adhesive (substrate; 

1 

1 DC-93-500/50 ym 

1 

1 

1 .006 
1 

i 

1 

spot bonding 

Solar Cell 

1 

1 Silicon/ 50 ym 
1 

1 .095 

1 

1 

1 

14% at op. temp. 

Cell Contacts 

1 

1 Silver/4 ym 
1 

1 

1 .005 

1 

1 

1 

gridded back, welding 

Adhesive (cover) 

1 

1 

1 

1 -0- 
1 

1 

1 

none required 

Cover 

1 

1 Encapsulant/25 ym 
1 

1 

I .034 
1 

I 

1 

shielding 

Interconnect 

1 

1 Aluminum/ 30 ym 
1 

1 .007 


conductivity 

Plating (IC) 

1 

1 Silver/20 ym 
1 

1 .002 
1 

1 

1 

spot plating 

Padding, etc. 

1 

1 

1 .011 
1 

1 

based on SEP 

Harness 

1 

1 Aluminum 
1 

1 .025 

1 

1 

1 

advanced SEP concept 

TOTAL BLANKET 

1 

1 

1 

1 

1 .255 

1 

X 

1 

1 

80% packing factor 

Array Structure 

1 

1 

I 

1 .321 

i 

X 

1 

1 

STACBEAM I 

TOTAL ARRAY 

1 

1 

1 

1 

1 .576 

1 

X 

1 


Blanket Specific Power 557 W/kg (based on 142 W/m^) 

Array Specific Power 247 W/kg 
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FIGURE 1 
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MINIATURIZED CASSEGRAINIAN CONCENTRATOR CONCEPT DEMONSTRATION 


R.E. Patterson and H.S. Rauschenbach 
TRW Space and Technology Group 
Redondo Beach, California 


INTRODUCTION 

High concentration ratio photovoltaic systems for space applications 
have generally been considered impractical because of perceived difficul- 
ties in controlling solar cell temperatures to reasonably low values. A 
miniaturized concentrator system is now under development* which surmounts 
this objection by providing acceptable solar cell temperatures using purely 
passive cell cooling methods. An array of identical miniaturized, rigid 
Cassegraini an optical systems having a low f-number with resulting short 
dimensions along their optical axes are rigidly mounted into a frame to 
form a relatively thin concentrator solar array panel. A number of such 
panels, approximately 1.5 centimeters thick, are wired as an array and are 
folded against one another for launch in a stowed configuration. Deploy- 
ment on orbit is similar to the deployment of conventional planar honeycomb 
panel arrays or flexible blanket arrays. 

The miniaturized concept was conceived and studied in the 1978-80 time 
frame. Favorable results led to the present feasibility demonstration 
program which will span the period between 1980 and 1982. Progress In the 
feasibility demonstration phase made to date is reported in this paper. It 
is expected that the miniaturized Cassegrainian concentrator concept will 
be developed further in the future with space flight demonstration as a 
major target. 


CONCENTRATOR SYSTEM DESCRIPTION 

A typical solar panel of the miniaturized Cassegrainian concentrator 
solar array concept is illustrated in Figure 1. Groups of shallow concen- 
trator elements are held rigidly within the gridded frame structure. The 
detailed design of a single element is depicted in Figure 2. The reflec- 
tors are made from relatively thick electroformed nickel in this feasi- 
bility demonstration phase. (In a later program phase, lower weight and 
lower cost fabrication approaches will be examined.) The solar cell radia- 
tor fin is shown as a flat square plate in Figure 1, and as a circular cup 
in Figure 2. This design change was made to accommodate assembly for 
large-scale production but is not considered final; low-cost high-volume 
production requirements will strongly influence the final element configu- 
ration. A materials and processes data base is presently being established 
that will assist in this determination. 


This work was performed under contract NAS8-34131 for NASA MSFC 
(L. Crabtree, MSFC Technical Manager). 
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The nickel reflectors are coated as shown in Figure 3. The silicon 
monoxide (SiO) layer serves both to protect the reflector against terres- 
trial and space environments and to provide a hi gh-emittance thermal 
control surface. 

The operating temperature of the concentrator cell is controlled 
passively. Reference 1 describes the approach in detail; however, in brief 
summary it simply consists of radiating heat into space from both the front 
and back sides of the concentrator solar panel exactly as occurs for con- 
ventional planar arrays. Each concentrator element has a radiator fin, 
roughly the size of the entrance aperture, attached to the concentrator 
cell with a low thermal resistance bond. The radiator fin thickness is 
minimized for the desired cell operating temperature and the particular 
aperture size. The fin is radiatively coupled to the primary parabolic 
reflector to obtain front-side heat rejection and to reduce thermal gradi- 
ents across the panel thickness. As Reference 1 demonstrates, only small 
diameter radiators, i.e., miniaturized elements, will result in low spe- 
cific mass concentrator systems. 

The concentrator element optical design, illustrated in Figure 4, 
results in the optical losses shown in Table 1. Under perfect sun-pointing 
conditions, the incident sunlight is reflected only twice without striking 
the tertiary reflector, also known as the light catcher cone. The light 
catcher cone improves the off-poi ntabil ity of the concentrator element. 
Under conditions of perfect alignment and sun-pointing, the demonstration 
module concentrator elements have a theoretical geometrical concentration 
ratio of 163 and a nominal effective concentration ratio of 88. 

EXAMINATION OF CRITICAL ISSUES 

In this section the most critical issues affecting implementation of 
the concept are examined in four areas: optical design, thermal design, 

solar cell design, and assembly. 

Optical Design 

The initial problem of optical design was the design and procurement 
of a short-focal length (12.8 millimeters) nonimaging Cassegrainian system 
with a low f-number (0.25) and a high concentration ratio (163). Figures 5 
and 6 and the performance data described below show that the initial design 
was successful. 

The elements of the demonstration module are arranged orthogonally for 
assembly and test convenience only, rather than in a closely packed 
hexagonal pattern. Figure 5 shows the simple "spider" arrangement that 
supports the secondary hyperbolic reflector. The wide spider legs produce 
a large blockage loss contribution. No attempt was made to reduce this 
loss by substituting a more complex support structure since it was desired 
for the purpose of initial demonstration to use off-the-shelf commercial 
electroforming techniques without requiring complex mandrel tooling. 
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Current work is directed toward identifying practical methods of 
reducing the optical design losses to attain the goals shown in Table 1. 

The largest of the potential gains will result from an improvement in the 
reflective coating as indicated by Figure 7. By integrating the product of 
a spectral reflectance curve from this figure, the AMO solar spectrum, and 
the solar cell spectral response (Si or GaAs), the energy received by the 
solar cell after a double reflectance can be determined and, therefore, the 
comparative improvement obtained with candidate coatings other than alumi- 
num. A silver coating is the obvious best choice. However, silver coat- 
ings, even with protective SiO overcoatings, are known to frequently 
exhibit problems in long-term terrestrial storage environments, usually due 
to hard-to-avoid pin holes in the SiO coating. Thus some development work 
will be required to make this coating system stable and economically 
viable. 

Alignment sensitivity tests have shown that the three reflectors and 
the solar cell may be randomly misaligned with respect to the element's 
theoretical optical axis by as much as several tenths of a millimeter with 
no loss in element performance at normal incidence of sunlight (the Sun's 
ray parallel to the element's theoretical optical axis). Similarly, misa- 
lignment errors between reflectors and the cell in the direction of the 
optical axis up to several tenths of a millimeter are inconsequential at 
normal incidence. 

Off-pointing tests in natural sunlight demonstrated the effectiveness 
of the light catcher cone (Figure 8). The off-pointing performance was 
good, but somewhat less than predicted analytically (for a 90 percent 
reflective cone surface) and from experience with alignment sensitivity 
measurements made with a laser in the laboratory. Several areas have been 
identified for potential improvements during the detailed design phase. 

Thermal Design 

For low earth orbit applications in which the Earth's albedo and IR 
emissions are significant, highly reflective high-emittance coatings are 
required for good thermal control. For this reason, both the spider and 
the aluminum radiator fin surfaces were painted with white thermal control 
paint. Thermal balance and thermal gradient tests in vacuum are presently 
under way to confirm the predicted silicon cell temperature of 80° to 100°C 
and cell-to-fin temperature gradients of less than 5°C. A natural sunlight 
test at Table Mountain, California at 8000 feet altitude and approximately 
0.87 AMO sun equivalent intensity have yielded a cell temperature of 36°C 
with a still air ambient temperature of 19°C. This cell temperature com- 
pares favorably to similar flat plate array temperatures obtained under 
similar test conditions. 

Solar Cell Design 

The concentrator solar cell physical design, shown in Figure 9, repre- 
sents a compromise in contact pad design between heat sinking and power 
losses in the nonilluminated cell junction area. A larger cell (with 
active area constant) improves heat sinking, however, it also increases 
power losses in the nonilluminated cell junction area. Concentrator cell 
designs should account for this loss mechanism and be coordinated with the 
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application so that it is minimized. Cell dimensions are not otherwise 
critical except that their tolerances must be compatible with assembly 
tooling requirements. 

An important issue in optimizing the solar cell efficiency is that the 
concentrated light is typically nonuniform, especially under slight off- 
pointing conditions (see Reference 2). Grid line design should take this 
into consideration. 

A desirable tradeoff yet to be conducted is between cell designs with 
textured and polished cell active areas. While texturing will improve the 
absorption of light by the cell, especially the light that impinges on the 
cell at angles of incidence between 0 and 30 degrees, it will also raise 
the cell's thermal absorptance and hence its operating temperature. 
Reference 2 discusses textured concentrator cells in greater detail. 

Presently, the concentrator demonstration module contains silicon 
solar cells designed for maximum performance at 100 suns. They are 8 to 
10 mils thick, are made from 0.5 n-cm base resistivity material. Junction 
depth is 4000 to 5000 A. Contacts are Ti(400 A)-Pd(800 A)-Ag(10 urn). The 
cells have evaporated aluminum back surface reflectors and SiO (800 to 
1300 A) anti -reflective coatings. 

NASA's Lewis Research Center is currently working on a GaAlAs cell for 
the miniaturized Cassegrainian concentrator. It is planned to build ele- 
ments using these cells when they become available. 

Assembly 

The demonstration module was' assembled in a way that attempted to 
anticipate and solve some of the problems that might occur during large- 
scale production. All parts shown in Figure 10 were stacked and soldered 
together at one time in a vapor phase solder reflow machine. The preassem- 
bly parts inspection using laser instrumentation mentioned earlier indi- 
cated that application of standard shop practices and techniques would 
result in elements of similar optical performance. The four holes in the 
cup bottom admitted pins of an assembly fixture that held all parts 
together. The assembled cups were then bonded in a honeycomb panel and 
electrically interconnected as shown in Figures 5 and 6, respectively. The 
nine elements were wired so that each could be tested individually and all 
could be tested together in a series circuit. The primary and secondary 
reflectors were installed, guided and aligned by the three tabs protruding 
upward from the cup (shown in Figure 10). 

Summary and Conclusions 

The work to date has identified the need for additional design optimi- 
zation studies and related evaluation testing, for long-term space environ- 
mental testing, and for solar cell design and performance improvements. 
Nevertheless, the work accomplished thus far has demonstrated that the 
original assumptions and simplified mathematical models used in the formu- 
lation of the miniaturized Cassegrainian concentrator concept are valid and 
have predicted system performance quite well. No surprises or unusual 
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effects have been uncovered. The fabrication of single elements and a 
9-element demonstration module has demonstrated the feasibility of the con- 
cept. Several different promising approaches toward achieving low-cost 
design suitable for flight have been identified and are under study. Many 
of the critical fabrication and assembly processes that are candidates for 
use with this concept are currently in use in other industries and fields 
of endeavor. Based upon these accomplishments, it is concluded that the 
original multi kilowatt solar array cost reduction goal of one order of 
magnitude is both reasonable and feasible with space performance comparable 
to that of state-of-the-art nonconcentrating planar solar arrays. 
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Table 1. Optical System Transmission Comparison: 
Demonstration Module Versus Design Goal 


PARAMETER 

DEMONSTRATION 
MODULE HARDWARE 

ULTIMATE 
DESIGN GOAL 

PRIMARY REFLECTOR REFLECTANCE LOSS 

16% 

5% 

SECONDARY REFLECTOR REFLECTANCE LOSS 

16% 

5% 

SECONDARY REFLECTOR BLOCKAGE LOSS 

6% 

20% 

6% 

11% 

SECONDARY REFLECTOR SUPPORT BLOCKAGE LOSS 

14% 

5% 

OTHER LOSSES (MISALIGNMENT, ETC) 

4% 

2% 

OPTICAL SYSTEM TRANSMISSION 

54% 

79% 
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Figure 1. Mounting of Concentrator Element 
or Subassemblies into Panel Frame 




Figure 2. Baseline Concentrator Element Design 
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Figure 3. Reflector and Coating Configuration 
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Figure 4. System Schematic 
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Figure 7. Alternate Reflector Coatings Offer Improved 
Reflectance 
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Figure 8. Single Element Off-Pointing Test 
Results 
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PARAMETER 

REQUIREMENT 

EFFICIENCY AT 
28°C, 100 SUNS 

20%, Si 
30%. Ga As 

NORMAL 

OPERATING 

TEMPERATURE 

80°C 

TEMPERATURE 
CYCLING RANGE 

-100°C TO +100°C 

TEMPERATURE 

CYCLES 

60,000 CYCLES 

SOLAR 

ABSORPTANCE 

< 0.75 

ANGLE OF 
INCIDENCE 

0 TO 30°, 

20° NOMINAL 

RADIATION 

TOLERANCE 

PROTONS 1 TO 10 MeV 



FOR THERMAL 
CONTROL 


Figure 9. Concentrator Solar Cell Reference Design and Requirements 
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Figure 10. Cell Stack Assembly Parts Diagram 
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THE COURSE OF SOLAR ARRAY WELDING TECHNOLOGY DEVELOPMENT* 

Paul M. Stella 
3et Propulsion Laboratory 
California Institute Of Technology 
Pasadena, California 


SUMMARY 

Solar array welding technology is examined from its beginnings in the late 
1960's to the present. The U. S. and European efforts are compared, and signi- 
ficant similarities are highlighted. The utilization of welding technology for 
space use is shown to have been influenced by a number of subtle, secondary factors 

INTRODUCTION 

Since the time of the first satellite solar power systems, the preferred 
method of solar cell interconnect attachment has been solder. Yet for over a 
decade there has been a continuing if not always steady development of a "better" 
method. Although a number of satellite solar arrays have been assembled with 
welding methods by the European industry (ref. 1), welding has not achieved a 
similar level of application in the U. S. Even though solder has proven suitable 
for past space efforts, future requirements will most likely exceed its capabili- 
ties. For this reason NASA is planning to initiate a U. S. welding program that 
will provide the knowledge and confidence required to achieve flight ready status. 
This paper will provide a background to that effort, examining past activities and 
results in welding for U. S. and European efforts. It will be shown that the two 
efforts exhibit considerable similarity and that the greatest impediment to weld 
acceptance has been the lack of suitable in-process NDE (nondestructive evaluation) 
methods. The following discussion will generally follow a chronological format. 

SOLDER 

Early studies have shown solder to have a number of critical limitations both 
at high temperature where creep and even melting can occur, and at low temperatures 
where fatigue induced failure is of concern (ref. 2). The former limit is readily 
observable since the melting points of the solders are well documented. The low 
temperature situation was, and still is, much more difficult to quantify. 

Due to thermal expansion mismatches between the cell, solder, and interconnect 
various stress distributions will occur depending on temperature limits, bond area, 
and component thicknesses. Analyses indicated that a small number of very low temp 
erature exposures or a moderate mamber of less severe low temperature exposures 
could lead to cracking in the solder (ref. s 2 & 3). Since the acceptance of a 
solder bond has been tied to the appearance of the solder fillet, changes in ap- 


* The research described in this paper presents the results of one phase of 
research carried out, at the Jet Propulsion Laboratory, California Institute 
of Technology, under Contract with the National Aeronautics and Space Admin- 
istration. 
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pearance which were observed during thermal cycling were occasions for concern. 

It was felt that these changes ultimately lead to bond failure including possible 
silicon divoting. The correlation between solder cracking and observable surface 
appearance changes and actual bond or silicon failure was not however, clearly 
demonstrated. At the same time since actual stresses within the bond were influen- 
ced by the materials used, stress reduction could be achieved by means of changes 
in materials or thickness (ref. 4). As a result, the present day solder system is 
considerably Improved over that used in the late 1960's. Solder pressing and pre- 
forms have reduced the solder thickness in the bond, and interconnectors with co- 
efficients of expansion close to silicon's, such as molybdenum, both create a more 
favorable situation than the earlier systems. As a result, it is now possible to 
withstand over 1000 cycles typical of GEO (equivalent to over 10 years orbit), 
something that might not have been expected from early analyses (ref. 5). By 
comparison early tests of soldered . interconnects with less optimum configurations 
typically suffered modest to severe damage under similar thermal cycle conditions 
(ref. 2). 


The case for long term LEO use of solder has not been as optimistic. Even 
though temperature extremes are less pronounced, the need to demonstrate survival 
capability for tens of thousands of cycles means that the costs and time required 
to adequately test the LEO simulations is considerable and as a result a greater 
reliance must be placed on theoretical analyses for guidance. These analyses in- 
dicate that the solder system should be replaced with a welded (brazed) one. As 
time has shown, this has not been a trivial task. Solder's easy repairability, 
relative insensitivity to process parameters, suitability to visual inspection, 
and large bond area with resultant high bond strength, have proved a challenging 
combination to overcome. 


WELDING TECHNOLOGY DEVELOPMENT 
(EXPLORING ALTERNATIVES 1965-1970) 

The beginning of serious solar cell weld development can be traced to the de- 
velopment of the palladuim passivated cell contact. This meant that humidity re- 
sistance could be achieved without the use of solder (ref. 6), allowing non-solder 
interconnection methods to be freely pursued. During this early phase, European 
and U. S. organization pursued a great number of interconnecting schemes such as 
ultrasonic, thermal diffusion, thermocompression, parallel gap resistance welding 
(R.W.) and even laser welding (ref. 7). Tliese were examined for use with a wide 
variety of interconnetor materials including silver, aluminum, gold, silver plated 
copper, molybdenum, and Kovar. Various degrees of success were obtained in these 
exploratory efforts resulting in a narrowing of options by 1970. The European 
choice was primarily R.W. in conjunction with silver plated molybdenum tabs, al- 
though pulse welding has continued to receive significant although limited develop- 
ment (ref. 8). Pulse welding is actually a version of the more familiar R.W. 
technique where the heat for the bond fusion is formed in one of the two weld 
electrodes rather than in the cell/interconnector contact region. 

By contrast, a consensus was not as rapidly attained in the U. S. This can be 
traced primarily to the emphasis on development of A1 contacted cells for satisfy- 
ing military requirements. As a result the U. S. effort was initially biased to- 
wards ultrasonic welding of aluminum interconnectors to cells with alumlntim (Al) 
contacts. The Al-Al system did not prove highly successful, so it wasn't until 
after 1970 that the U. S. effort focussed on the R.W. method. Similar to the Euro- 
peans, a single significant alternative method has survived this initial explora- 
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tory period. In this case, it is ultrasonic welding, now used with Ag interconnects 
and conventional silver contacted cells (ref. 3). 

It is interesting at this point to compare the European and U. S. efforts re- 
sulting from the exploratory period. Both ultimately emphasized the R.W. method, 
based on use of the Hughes MCW 550 power supply. The interconnectors of primary 
choice were usually silver plated rigid materials with thermal expansion coeffi- 
cients somewhat matched to silicon's. Yet both efforts also resulted in a single 
significant alternate method, pulse welding in Europe and ultrasonic in the U. S., 
that were tied to the use of a relatively flexible interconnect material, silver. 

In fact both these alternates have received continuous although limited support 
through the present. They share another similarity — rather than rely on spot bonds 
such as occur with R.W. , they use tooling that provides a linear bond. 

A EUROPEAN COMMMITMENT, 1970-1974 

By 1972 the European effort achieved a milestone with the commitment of R.W. 
to the Helios solar probe (ref. 9). Due to the high temperature environment that 
the probe would observe, it was obvious that solder would not be suitable and 
welding was necessary. However, excluding the high temperature exposure (175°C) 
the mission thermal cycling environment was not particularly severe. At the same 
time, a number of developments served to reduce the concern over individual weld 
bond integrity such as the cell interconnector-cover (CIC) "sandwich” assembly, 
and increased interconnect redundancy (ref. s 9 & 10). 

Studies of bond joints had indicated that solder bonds are subject to high 
stress not only due to the thermal coefficient mismatch, but also because of the 
large bond area. Advantages for welded systems then, would be to reduce the thermal 
coefficient mismatch and also to provide a smaller bond area. Both would serve to 
minimize stresses. However, the smaller bond area translates to reduced bond 
strengths, particularly under torsional loading of rigid interconnectors, such 
as were in use (ref. 7). 

The use of the CIC not only provided protection to the cell's complete top 
surface, but it also mechanicaly constrained the tab at the weld joint, providing 
protection against torsional loading. It is even possible that under a debond 
situation the mechanical coupling provided by the CIC assembly might allow full 
electrical contact, simulating a sliding contact. 

The cell design used with the CIC assembly allows the use of 3 bond joints 
per side of the cell. This redundancy reduces the need for 100% bond integrity 
since only one joint per side would be needed for useful cell output. Since it 
was not possible to verify the quality of each individual bond this approach pro- 
vided a practical method for using an "imperfect" weld process. As a further 
attempt at maximizing the bond integrity, automated indexing and welding of the CIC 
assemblies was introduced so as to minimize operator dependence. The combination 
of weld, CIC, and redundancy, thus allowed an unproven technology to provide a 
confident interconnect method. This was all applied to an almost perfect first 
mission need for a weld interconnect system. 

During this period although evaluation of weld schedules and the influence of 
component variations continued, the emphasis of U.S. and European welding was 
placed on developing methods for ensuring individual bond quality since the basic 
weld optimizations had been performed. The primary problem was that, unlike solder. 
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the bond was nqt visible for inspection, particularly for rigid interconnect systems. 
Some correlation between the bond characteristics and deformations in the welded 
interconnect was possible with the silver system (ref. s 4 & 7), but in general 
visual inspection was not felt to be sufficiently reliable. Since the R.W. method 
relies on current flow in the bonding components to generate sufficient but not 
excessive heat (which could degrade the cell junction), initial efforts were based 
on pre-weld measurements of resistances between the electrodes, interconnector, 
and cell in order to establish go/no-go conditions of resistance that would impact 
the weld process. The heat generated in the weld bond was then related to charac- 
teristics of the weld pulse such as current and energy flow so that conditions of 
over (excess melting) and under (insufficient heat) welding could be estimated for 
each individual weld (ref. s 11, 12, 13 & 14). 

These of course are secondary approaches to accounting for actual heat flow 
at the bond surface, but have proven to be reasonably reliable. For example, in 
one study, the application of these methods was evaluated against weld pull 
strengths and it was determined that for a moderately large sample size, it was 
possible to identify nearly 92.5% of the bad welds (over or under welds) (ref. 11). 
During this period AEG Telef unken reported that they had accumulated experience 
with over one hundred thousand weld processes, a significant quantity. 

In the U.S. encouraging thermal cycle results were reported using ultrasonic 
welding and silver interconnects. After 700 cycles of a simulated GEO environment 
no electrical degradation was observed for sample test modules. However, it was 
noted that soldered samples performed as well (ref. 15). 

TECHNOLOGY EVOLUTION-QUALITY ASSURANCE CONCERNS (1975-1982) 

By 1975 the European program was moving rapidly with a variety of new welded 
solar arrays being assembled for missions. In fact 5 space projects were well 
underway, and the number of weld joints that had been made was estimated to be 
well over a million (ref. 13). However, this was not to imply that the R.W. 
method was completely reduced to practice since work on weld parameter optimization 
and on inprocess controls continued to be published. For example, work continued 
on determination of an optimum range for the parallel gap weld pulse duration. 

Tills was of interest since a number of studies had shown that good welds (based on 
pull strengths and cell electrical effects) could be achieved for a wide range of 
pulse durations as long as the pulse voltage was simultaneously adjusted (ref. s 
4 & 13). Along with earlier results (ref. s 7 & 14), the new work Indicated an 
optimum duration of approximately 100 msec (ref. 13). Also this time, AEG Tele- 
funken proposed that the weld pulse shape be changed from the "standard" rectan- 
gular wave to a trapezoidal shape (ref. 13). 

In the U. S., similar activities were conducted although again without any 
significant flight program application. The use of a combination of preweld, in 
weld, and post weld tests was examined and found to be a reasonable predictor of 
weld strength. In fact, one study showed a 93% correlation could be made with ac- 
ceptable bond quality (ref. 17), a value surprisingly similar to European results 
published somewhat earlier. 

The similarity of the U.S. and European efforts and results to this point can 
be dramatically shown by examining the data presented for independent weld optimi- 
zations done on similar interconnect systems. 
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in 1970 AEG Telefunken reported that Ag (5 pM) plated molybdenum (30 PM) could 
be best welded with the following conditions (ref. 7): 

pressure = .75 ^ 2.5 kg 

duration = 100 msec 

voltage = .65V front, .70V rear 

In 1974 Lockheed reported that optimum conditions for a similar Interconnect system 
were (ref. 14): 


pressure = .68 kg 

duration = 100 msec 

voltage = .64V front, .72V rear 

The results are very similar. In view of the many possible subtle differences in 
cells and interconnectors such as contact thicknesses, surface smoothness, and 
plating methods, these results indicate a strong consistency in the R. W. weld 
process. 

After 1976, less welding work was being reported, but the concern for NDE 
methods was still evident. Clearly the problem of individual weld integrity has 
not been solved. Both U. S. and European efforts report encouraging results in 
using Infrared (IR) monitoring to detect the temperature of the weld. Although 
detection of heat from portions of the interconnector and weld electrodes can 
interfere with actual temperature measurement at the bond line (ref. 18), the 
method is felt to be sufficiently useful that it has been incorporated into one 
manufacturer's weld process. In practice the detected thermal signal is used to 
terminate the weld pulse when a preset IR sensor output value is measured, compen- 
sating for variations in the cells and interconnectors (ref. 19). 

Competitive alternates continued to show progress on both continents. The 
MBB pulse weld method is combined with Ag mesh to provide CIC assemblies for Intel- 
sat V (ref. 20). Hughes Aircraft determined that the small bonds obtained with 
ultrasonic spot welding methods were unacceptable and developed a rotary ultrasonic 
seam welder that when used with Ag mesh can provide a strong and highly redundant 
interconnect system (ref. 3). Advanced methods such as laser welding continue to 
receive support (ref.'s 21 & 22). 


CONCLUSION 

A review of weld technology developments shows many similarities between the 
U.S. and European efforts. The major difference has been one of flight hardware 
experience. At the same time, with the exception of the high temperature Helios 
mission, the environmental requirements of those welded arrays flown could have 
been met by use of solder, somewhat mitigating these as full endorsements of weld 
capabilities. In fact, it is the influence of a number of secondary factors, 
shown in Table 1, rather than basic differences in welding capabilities that have 
determined the use of welding for space applications. 

Extensive work on weld optimization, when combined with pre-weld and in-weld 
monitoring, has lead to a fairly reliable technique on both continents. Ultimately 
a temperature detection system might prove more valuable than the weld pulse moni- 
toring methods commonly used since it should avoid uncertainities involved in the 
indirect measurement of the bond temperature. 
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The single most significant impediment to weld technology acceptance is the 
lack of a non destructive inspection technique to evaluate an individual bond. Re- 
cent work on viewing of the internal weld structure, using IR and ultrasonic tech- 
niques (ref. s 19 & 23) may provide a solution to this limitation and lead to full 
confidence in the welding process. 
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Table 1 


Factors Influencing Weld Development 


Passivated Cell Contact 

Aluminum Cell Contact 

Cell-Interconnector-Cover Assembly 

Redundant Interconnections 

Helios Near-Sun Probe 

Pre-Weld, In-Weld Monitoring 

NDE Techniques for Bond Evaluation 
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A PRELIMINARY EVALUATION OF A POTENTIAL SPACE WORTHY ENCAPSULANT* 

John Scott-Monck 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 


INTRODUCTION 

The development of 50 pm silicon solar cell technology (ref. 1), which offers 
a major improvement in array weight reduction, has added a new stimulus for devel- 
oping an alternative to conventional fused silica coverglass. Although it is ne- 
cessary to protect the cell from the catastrophic effects of low energy^ protons 
(ref. 2), for many mission applications the required shielding thickness is less 
than 25 pm (fused silica equivalent). However it is difficult to obtain, or work 
with, coverglass less than 100 pm for array assembly. 

The concept of encapsulating the interconnected cell modules offers important, 
weight and cost advantages (ref. 3). The materials and labor required to bond in- 
dividual covers to cells would be significantly reduced. By optimizing the re- 
quired shielding and eliminating adhesives, major weight savings would occur. This 
paper will describe the results of a preliminary evaluation of a new organic mate- 
rial which has the potential for providing the cost and weight benefits associated 
with encapsulation. 

BACKGROUND 

This polyimide polymer was developed by the Hughes Aircraft Technology Support 
Division for commercial utilization. Recognizing the potential of this material, 
a joint program was initiated with NASA-JPL to evaluate the polyimide for space 
applications. A test matrix was set up to provide a number of gates (go/no go) in 
order to minimize program cost. 

JPL provided silicon solar cells which had been characterized with respect to 
electrical output and spectral response. Hughes TSD prepared and deposited the 
polyimide onto the cells, providing two groups of samples, one having 'v.5 ym of 
polymer, the other 12.5 ym. JPL then retested the samples to investigate the 
effect of the deposition process and the optical properties of the polyimide on 
the cells’ electrical output. The 20 cell sample group was then divided into a 
number of test subgroups. 

JPL investigated the effect of electrons and low energy protons on the. polyi- 
mide while Hughes TSD did thermal shock and humidity tests as well as thermo- 


* The research described in this paper presents the results of one phase of re- 
search carried out at the Jet Propulsion Laboratory, California Institute of 
Technology, under contract with the National Aeronautics and Space Administra- 
tion. 
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gravometric analysis. Then a 1350 hr vacuum ultraviolet test was performed. The 
results of these tests are given in the following section. 

TEST RESULTS 


Deposition Effects 

The polymer was deposited on the cells using a spray technique, then cured 
for 2 hours at 225°C. In some cases the film overlapped the front contact bar and 
had to be removed, which provided a very practical demonstration of the adherence 
and durability of the coating. Post deposition electrical measurements showed 
that the average loss in Ig^, for the 10 samples which received a 5 pm deposition 
was 3.5% while for the other 10 cell group coated with 12.5 pm of polyimide, the 
reduction in Ig^ was 3.1% (Figure 1). There was no evidence of curve factor 
degradation in any sample. 

A comparison of pre and post deposition spectral response curves for a typical 
cell sample is shown in Figure 2. It can be seen that the response was reduced 
in the region below approximately 5000 nm and above approximately 7000 nm; while 
there was an increase in response between 5000 and 7000 nm. Obviously the polyimide 
refractive index is contributing to these results, but it is not possible to assess 
its impact on these results until the index has been determined. 

Electron Effects 

This is a gross test of the polyimide' s optical properties under simulated 
space radiation conditions. Since the films are very thin, it was not anticipated 
that penetrating radiation would have any significant effect. Three samples from 
each test group were Irradiated with 1 MeV electrons to 1x10^^ and then 1x10^5 
e/cm^ using the JPL D 3 mamitron facility. Spectral response comparisons were 
made for the pre and post irradiated samples between 3600 and 6000 nm, since this 
response region in the cell is relatively insensitive to the effects of electrons. 
There was no change in the spectral response for any of the samples irradiated. 

Low Energy Proton Effects 

This was a critical test since the energy selected guaranteed that the protons 
would be absorbed within the polyimide coating. Test samples from both groups 
were given two separate irradiations, each consisting of exposure to 1 x 10^^ 

50 keV protons/cm*^. Electrical and spectral response data was obtained after 
each test. In the second test, an uncovered control cell was included. Based on 
the severe degradation in output experienced by the control cell (Figure 3), the 
protons were stopped within the polyimide for both the 5 and 12.5 pm samples. 

Spectral response and I-V measurements indicated no significant change between 
pre and post proton test data, showing that the optical properties of the films 
were not degraded by the protons. However, this result is slightly compromised 
since "bleaching" of proton induced color centers could have occured in the period 
of days between the irradiation and the spectral response measurements. 

Thermal Shock and Humidity Effects 

Samples were exposed to 25 cycles from 20°C (room temperature) to -196°C 
(liquid nitrogen). Following this they were subjected to a tape peel test. There 
was no evidence of delamination of the polyimide coating from the solar cell. How- 
ever, exposure to 168 hours of 95% relative humidity while being cycled from 25 to 
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65 "C did show some evidence of film cracking and "crazing”. Subsequent tape peel 
tests of these samples resulted in a loss of film adherence over approximately 
25 percent of the sample. This is not unexpected since the polyimide film being 
evaluated has a less than optimum molecular weight. ; • 

Vacuum Ultraviolet Effects . ' ■ 

A carefully controlled vacuum ultraviolet test was performed on 5 cell samples 
and a quartz plate coated with the polyimide. The test chamber was designed so 
that it could be removed from the test area for electrical measurements while re- 
taining the samples in vacuum. Two control cells, one covered with quartz, the 
other unprotected, were included in the test matrix to provide information on 
system’s effects such as window darkening from the uv and deposition of foreign 
material on the surface of the test samples. ■ ; : 

The uv source provided an intensity of 1.5 ± 0.5 suns and the samples were 
held between 30 to 40°C under a vacuum better than I0~^ torr. The short circuit 
current, at 28°C, of each sample was measured periodically during the test.- The 
results are given in Figure 4. After factoring out the system's effects, the 
polyimide coated cell samples (5 and 12.5 ym) were calculated to have lost between 
8 to 8.5 percent in Ig^ after 1350 hrs of uv exposure. The test was terminated 
when the change in polyimide transparency had appeared to cease (Figure 4). There 
is some evidence, based on the bahavlor of the control cells, to argue that the 
polyimide had actually degraded only 6.5 to 7.0 percent. 

Pre and post test transmission measurements of the polyimide coated quartz 
sample show that the major loss in optical transmission occurred in the region 
between 3500 and 7000 nm. Unfortunately the polyimide cell samples were destroyed 
during an attempt to remove them from the test plate. Thus there is no post test 
spectral response data on the cells. 


DISCUSSION 

These results are highly promising since the polymer that was evaluated is an 
unrefined version, made from materials that were not purified to the levels that 
could be' achieved using more sophisticated synthesizing processes. The successful 
demonstration that this material can be deposited by a simple spraying process and 
the fact that absorbed protons do not appear to cause darkening is most encouraging. 
The apparent stabilization and magnitude of polyimide transmission loss in uv is 
additional evidence to support optimism that this material has the potential to meet 
the requirements for space utilization. It is known that the molecular weight of 
the present polyimide is much less than what can be achieved. It is expected that 
by increasing the material's molecular weight, increased resistance to the effects 
of humidity can be provided. 

The pre and post deposition and uv data are consistent in that no polyimide 
film thickness dependence was observed. It is possible that even the unrefined 
version of this material may be much better than results Indicate. Surface conta- 
minations or Interactions between the polyimide and the cell antireflection coat- 
ing might be responsible for some portion of the degradation observed in this pre- 
liminary screening. 
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CONCLUSIONS 


A new polymer pollmide possessing optical and mechanical properties potent- 
ially suitable for space applications now exists. A preliminary evaluation of 
the material indicates that in its present state of development, the polyimlde is 
not ready for space qualification. Further efforts to increase molecular weight 
and purify the consituents used to synthesize it are warranted. Activities addres- 
sing these needs are now being pursued. If these approaches prove successful, 
additional testing will take place with an emphasis on synergistic effects. 
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MICROSTRUCTURAL ANALYSIS OF SOLAR CELL WELDS 


T.3. Moore, G.K. Watson, and C.R. Baraona 
NASA Lewis Research Center 
Cleveland, Ohio 


SUMMARY 

Parallel-gap resistance welding of silicon solar cells with copper inter- 
connects results in complex microstructural variations that depend on the weld- 
ing variables. At relatively low heat input solid-state welds are produced. At 
medium heat the Ag-Cu eutectic forms resulting in a braze joint. High heat 
produces a fusion weld with complete melting of the silver layer on the silicon- 
solar cell. If the silicon is also melted, cracking occurs in the silicon cell 
below the weld nugget. These determinations were made using light microscopy, 
microprobe, and scanning electron microscopy analyses. 


INTRODUCTION 

Parallel-gap resistance welding (PGRW) has been used extensively in the 
production welding of interconnects to solar cells for space-power applica- 
tions. Despite the fact that thousands of welds have been made, little informa- 
tion has been published on the microstructure of solar-cell welds. This inves- 
tigation, though limited in scope, is an attempt to characterize the various 
microstructures that can be obtained when welding 39-um (1.5-mil) thick copper 
interconnects to ZOO-um (8-mil) thick silicon solar cells by PGRW. Solar-cell 
welds, made using three different weld schedules, were examined by optical and 
scanning electron microscopies. Compositional traces were obtained with an 
electron probe microanalyzer. 

American Welding Society (AWS) terms and definitions are used throughout 
this report to make the technical discussions as clear as possible. The AWS 
Joint Method Diagram (fig. 1) is based on the physical state of the materials at 
the weld interface during coalescence (ref. 1). Thus, three metallurgical 
classifications of welding processes are defined: 

Fusion welding for 1 iquid/ 1 iquid reaction 

Solid-state welding for solid/ solid reaction 

Brazing and soldering for liquid/solid reaction 

The authors are grateful to Frank M. Terepka, who performed the electron probe 
analysis. 


MATERIALS 

Cross sectional sketches of the silicon solar cell used in this study are 
shown in figure 2. These cells had 2-ohm cm, P-type base resistivity, shallow 
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junctions and wraparound insulator type contacts. At the P contact areas, four 
layers of material were deposited on the silicon (Si) cell: 

(1) Aluminum (Al) about 2000 A thick 

(2) Titanium (Ti) about 1000 A thick 

(3) Palladium (Pd) about 250 A thick 

(4) Silver (Ag), 9 pm thick (7 to 13 pm by metallography) 

The outer layer of silver was applied for electrical conductivity. The 
wraparound N-type contacts had the same silver, palladium, and titanium metal 
layers as the P contacts. However, instead of aluminum, the first layer depos- 
ited on the silicon cell was silicon dioxide (Si 02 ) dielectric about 1 pm 
thick. This Si02 layer provided electrical insulation between the N-type 
contacts and the P-type silicon base layer. 

The copper interconnect tab was cold-rolled stock with an average thickness 
of 39 pm. Metal lographic examination showed a thickness variation of 37 to 46 
pm. 


PROCEDURE 
Welding Equipment 

Parallel-gap resistance welding is a variation of series resistance welding 
in which the electrodes are placed very close together. This electrode place- 
ment tends to produce relatively high heating and formation of a fusion weld 
nugget between the electrode. However, by controlled adjustment of the welding 
variables, it is possible to produce individual solid-state welds under each 
electrode. 

In the welding head, an assembly with two molybdenum electrodes is used. 
Each side is electrically insulated from the other. Both electrodes move down- 
ward together on activation of their common supporting arm. Each electrode is 
permitted a controlled degree of flexing, which compensates for minor irregular- 
ities in flatness or thickness. This is important because good mechanical fit 
insures proper electrical contact between the electrodes and the work. 

A constant-voltage power supply is used to produce a dynamically controlled 
single pulse of welding current. Welding is accomplished at a constant, preset 
voltage. Initiation of the welding power is automatic when a predetermined 
force is applied to the work by the electrodes. 


Welding Schedules 

Three weld schedules were applied in welding the copper interconnects to 
the silicon cells. Weld voltage is a primary variable because of the direct 
proportionality with welding current. Heat is generated in all portions of the 
circuit according to the formula: 


H ^ l2Rt 

where H is the heat in joules, I is the current in amperes, R is the resis- 
tance in ohms, and t is the time of current flow in seconds. Welding time was 
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the second variable in this program (table I). Electrode force, which controls 
interfacial resistance, and the gap between the electrodes were held constant. 
Thus, the three weld schedules can be described as follows: 

Schedule A: Low heat for a long time 

Schedule B: Moderate heat for an intermediate time 

Schedule C: High heat for a short time 

Welds were made with the same schedules for both the P and N contact areas 
in the solar cells. 


Weld Examination 

The solar-cell welds were mounted in clear epoxy for sectioning and metaT- 
lographic polishing. Cross sections of the welds were examined at various 
locations along the electrode footprint denoted by section A-A in figure 3. 
Specific examples shown in this report were at positions 30 percent and 40 
percent through the joints. A flat was polished on the side of the cylindrical 
metallographic mounts so that the weld footprint could be clearly seen. The 
specific location of the weld cross section after metallographic polishing could 
then be measured optically. 

All of the weld cross sections were polished using standard metallographic 
techniques. The cross sections were examined optically up to lOOOx. Although 
the welds were examined in both the unetched and etched conditions, all of the 
photomicrographs shown are in the unetched condition. 

Selected samples were examined using a scanning electron microscope (SEM). 
Various areas of the samples were qualitatively analyzed using energy dispersive 
spectroscopy (EDS). In addition, an electron probe microanalyzer was used to 
obtain quantitative elemental distribution along continuous-line traverses 
through the weld regions. 


RESULTS AND DISCUSSION 

In the results to follow, an overview showing the electrode positions and 
the kinds of welds that were obtained with the various weld schedules will first 
be shown at lOOx magnification. Higher magnification light photomicrographs 
with corresponding microprobe chemical analyses of the various weld joints will 
then be presented and discussed. The SEM was used to further examine braze 
areas, the solid-state weld interface and the Si02 layer at N contact area of 
the cells. 

Schedule A Welds 

The N contact weld shown in figure 4 (40 percent through the joint, table 
I) is a combination of solid-state welding and brazing. The SEM photomicrograph 
in figure 5 shows that dendrites in the braze metal are oriented normal to the 
braze interface, which is parallel to the expected direction of solidification. 
This shows that Cu interconnects can be joined to the Ag layer on the cell by 
resistance brazing rather than by conventional fusion resistance welding. 

Ag-Cu solid-state welded areas (fig. 4) were present towards the outsides 
of the electrode footprints beyond the brazed regions. 
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Solid-state welding is achieved instantaneously when the resistance heated 
Ag and Cu surfaces are brought into intimate contact. Welding occurs at about 
0.8 Tfp of Ag (710° C), where T,|| is the absolute melting point of silver. 

Since the metallic bonds are believed to form on contact, since diffusion is not 
the cause of adhesion (ref. 2), and since the welding time is short (100 ms or 
less), the term solid-state resistance welding is a more appropriate tern than 
isis diffusion welding (ref. 1). Solid-state welding was judged to be achieved 
if microexamination of unetched joints up to lOOOx revealed no unwelded areas. 
Subsequent microprobe examination showed that in the solid-state weld areas, 
only a small amount of interdiffusion had occurred between Ag and Cu. 

An instant after solid-state welding occurred under the electrodes, a Ag - 
40-atomic-percent-Cu eutectic composition formed at, or very near, the solid- 
state weld interface and became a liquid phase when the joint was heated to 
779° C (fig. 6 and ref. 3). When the eutectic formed, it flowed by capillary 
action and brazed unwelded areas of the joint. The brazing action can continue 
with Ag-Cu alloys of varying composition as resistance heating increases the 
temperature of the melt well above the eutectic temperature. The complexity of 
the metallurgical situation is considerable. For example, when initially solid- 
state welded areas are heated above the Ag-Cu eutectic temperature, they become 
molten and thus part of the brazed area of the joint. Note in figure 4 that 
there are unwelded areas between the electrodes and towards the outside of the 
electrode footprints. The former area is believed to contain trapped air which, 
as will be shown later, can result in voids in braze metal or in a weld nugget. 

At the N contact weld just discussed, less heating effect was observed than 
at a P contact weld where brazing occurred between the electrodes (not shown). 
However, insufficient data are available to demonstrate whether this effect 
correlates with the contact area welded or with other welding variables. 


Schedule B Welds 


The two weld cross sections in figure 7 show a considerable difference in 
microstructure for the same weld schedule. This variation is at least partly 
due to the fact that maximum heating occurs midway through the joint. The P 
contact weld cross section (fig. 7(a)), was taken 30 percent through the joint. 
It shows a braze joint in the electrode gap and under the inside of the elec- 
trode footprints. A line of small pores is present in the Ag-Cu braze metal. 
Solid state welding took place beyond the braze. 

More heating is evident at the N contact cross section of figure 7(b), 40 
percent through the joint. In this case all of the silver has been melted 
between the electrodes to form a fusion weld nugget. This nugget is a Ag-Cu 
alloy. A brazed region borders the nugget, and solid-state welding took place 
beyond the limits of the braze. 

The small pores in the braze joint of figure 7(a) and the large pores in 
the fusion weld of figure 7(b) are believed to be air bubbles formed in the 
molten braze or weld metal (discussed previously regarding fig. 4). The local- 
ized trapped air effect is also believed to have produced the bulge in the 
copper interconnect between the electrodes (fig. 7(b)). 
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Schedule C Welds 


In figure 8 two fusion welds are shown with brazes and solid-state welds 
towards the outside of the electrode footprints. The weld nugget at the N 
contact (30 percent through the joint) is a Ag-Cu alloy (fig. 8(a)). The 1-um 
Si02 layer on the cell acted as a refractory material to contain the Ag-Cu 
melt and thus prevent the nugget from alloying with the silicon. The SiOo 
layer also inhibited solid-state diffusion and possible formation of the Ag-15.4 
atomic percent silicon eutectic which melts at 830° C (ref. 3 and fig. 9). 
Although no cell cracking is evident in figure 8(a), fine cracks in the silicon 
cell were observed under another similar Ag-Cu weld nugget. 

At the P contact weld (40 percent through the joint) (fig. 8(b)) no protec- 
tive Si02 layer was present on the silicon cell. This weld is similar to the 
N contact weld except that the weld nugget here is a Ag-Cu-Si-Pd alloy. The 
lens-shaped crack, observed under the weld nugget in fig. 8(b) is typical for 
all cases where the silicon cell was melted. Several factors contribute to the 
cracking. First of all the silicon cell has essentially no ductility at room 
temperature. Thus, local thermal shock alone could produce cracking. Second, 
solidification shrinkage of the pancake-shaped weld nugget must produce some 
deformation, that is, dishing under the weld nugget. Third, residual stresses 
are produced when the weld nugget contracts on cooling from the solidification 
temperature to room temperature, with the maximum residual stress being limited 
to the yield strength of the Ag-Cu-Si-Pd alloy (refs. 4 and 5). 


Electron Probe Microanalysis 

Electron-probe, continuous-line traverses were run on all three metallurgi- 
cal classes of welds between the copper interconnect and the silicon cell: 

(a) Solid-state weld between Ag and Cu 

(b) Ag-Cu braze joint 

(c) Two fusion weld nuggets; one Ag-Cu, the other Ag-Cu-Si-Pd 

For each weldment examined, microprobe traces confirmed the presence of 
thin layers of titanium and palladium, which had been intentionally deposited on 
the contact surface of the Si cells during manufacturing. These titanium and 
palladium microprobe traces are not shown in the figures for purposes of clar- 
ity. No attempt was made to confirm the presence of aluminum at the P contacts. 

The solid-state weld joint of figure 10 shows a small amount of Ag-Cu 
interdiffusion. Interdiffusion between silver and silicon was nil. The dark 
band (about 1 ym wide) between the silicon and silver and the increase in 
microprobe specimen current in this vicinity gave evidence of the Si 02 layer 
on the cell at this and other N contact areas. 

This Ag-Cu braze joint (fig. 11) is only about 2.5 ym wide. Because of 
equipment limitations, it could not be established that the braze metal was of 
the eutectic composition. But the microprobe trace does show significant 
alloying near the Ag-Cu interface. Interdiffusion between silver and silicon 
was nil. Since this is a P contact area, no Si02 layer was present. 

A microprobe trace of a Ag-Cu fusion weld nugget containing large trappe- 
dair voids is shown in figure 12. In this case the silver coating was corn- 
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pletely melted and formed an alloy of about 50 Ag - 50 Cu (weight percent). The 
1-um Si02 refractory layer in the N contact area protected the cell. Thus, 
the molten weld metal nugget was prevented from alloying with the silicon solar 
cell. 


The fusion weld nugget (fig. 11) is an alloy of Ag-Cu-Si and palladium. 
Although the quantity of palladium was very slight, the microprobe traverse 
showed alloying of palladium in the weld nugget. The melting and alloying of 
the silicon cell is evident by the wavy nugget/cell weld interface and by the 
microprobe trace. Since this was a P contact, there was no protective Si02 
coating on the cell. Two cracks are shown in figure 13 in the silicon below the 
weld nugget. Lens-shaped cracking of this type occurred below the nugget in all 
cases where the silicon was melted, and thus became part of the weld. 


CONCLUSIONS 

1. Three metallurgical categories of resistance welds were identified under 
various conditions of parallel-gap resistance welding: 

(a) Low heat for a long time: Combination solid-state welding and brazing 

under each electrode with an unwelded area between the electrodes. 

(b) Moderate heat, intermediate time: A Ag-Cu braze joint between the 

electrodes with solid-state welding at the periphery. 

(c) High heat for a short time: A conventional fusion weld nugget between 

the electrodes with brazing and solid-state welding at the periphery. This kind 
of weld is always accompanied by cracking in the Si cell if melting of the Si 
occurs. 

2. The l-pm layer of Si02 at the N contact areas of the cell proved to be 
a refractory barrier that contained the molten weld nugget and prevented 
interaction with the Si cell. 


RECOMMENDATIONS 

1. Programs to develop solar array welding technology should start with 
well-defined metallurgical goals. 

2. The weld joint metallurgy required to give optimum solar-cell relia- 
bility should be identified. 

3. The welding process, associated control systems, and NDE procedures 
should be tailored to give assurance that the metallurgical goals are achieved. 
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TABLE 1. - PARALLEL-GAP RESISTANCE 
WELDING SCHEDULES 


[Electrode force, 8.9 N (2.0 lb); elec- 
trode pressure, 6.1x10^ N/m^ (885 
psi); electrode gap, 0.30 mm.] 


Schedule 

Weld 

voltage, 

V 

Weld 

time, 

ms 

(a) 

A 

0.58 

100 

B 

.63 

80 

C 

.68 

50 


^Approximate 
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Joining 

method 


Welding 

process 

class 



Figure 1. - Joining method diagram. 




Figure 3. - Cell contacts. 
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N contact 40 percent through joint (see table 1) 


Figure 4. - Schedule A combination solid-state weld and braze joint. Air is 
believed to be in the unwelded area between the electrodes. 



Figure 5. - Dendritic structure of an Ag-Cu braze metal in a schedule A weld 
at an N contact. 
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100 



P contact, 30 percent through joint 



N contact, 40 percent through joint 


(a) Braze between electrodes with small voids in braze metal. Solid-state 
welds are outside of braze region. 

(b) Porous Ag-Cu fusion weld nugget producing bulge with brazing and solid- 
state welding outside of the nugget. 

Figure 7. - Microstructural variations in schedule B welds. 
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N contact, 30 percent th rough joint 



P contact, 40 percent through joint 


(a) Porous Ag-Cu fusion weld nugget with brazing and solid state welding 
outside nugget. 

(b) Porous Ag-Cu-Si-Pd fusion weld with brazing and solid state welding beyond 
the nugget. A lens-shaped crack in the silicon cell is present under the 
fusion weld. 

Figure 8. - Microstructural variations in schedule C welds. 
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Figure 9. - Silver-silicon equilibrium diagram (ref. 3). 
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Figure 10. - Solid state weld at N contact area showing slight interdiffusion 
between silver and copper. Schedule C; weld under electrode. 



WEIGHT, percent 


Figure 11. - Silver-copper braze joint, approximately 2.5 urn wide, with small 
voids in braze metal. Significant Ag-Cu alloying is shown at braze in 
this P contact joint. 


248 



concentration, 

WEIGHT, percent 


Figure 12. - Fusion weld nugget of Ag-Cu alloy at N contact with complete 
melting of silver layer. Schedule C; weld between the electrodes. 



MICROPROEE TRACE 


CONCENTRATION 
WEIGHT, percent 


CRACKS 


Figure 13. - Fusion weld nugget of Ag-Cu-Si-Pd alloy at P contact showing 
cracking in the silicon celllayer. Schedule C; weld between the 
electrodes. 
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EVALUATION OF SOLAR CELL WELDS BY SCANNING ACOUSTIC MICROSCOPY 


S J. Klima, W.E. Frey, and C.R. Baraona 
NASA Lewis Research Center 
Cleveland, Ohio 


SUMMARY 

Scanning laser acoustic microscopy was used to nondestructively evaluate 
solar cell interconnect bonds made by resistance welding. Both copper-silver 
and silver-silver welds were analyzed. The bonds were produced either by a 
conventional parallel-gap welding technique using rectangular electrodes or 
new annular gap design with a circular electrode cross section. With the 
scanning laser acoustic microscope, it was possible to produce a real time 
television image which reveales the weld configuration as it relates to elec- 
trode geometry. The effect of electrode misalinement with the surface of the 
cell was also determined. A preliminary metal lographic analysis was performed 
on selected welds to establish the relationship between actual size and shape 
of the weld area and the information available from acoustic micrographs. 

INTRODUCTION 

Welding is becoming an increasingly attractive alternative to soldering 
as a means of joining interconnect tabs to solar cell contact surfaces. The 
potential advantages include reduced weight, ability to withstand higher peak 
operating temperatures, increased thermal fatigue resistance, and improved 
automation capability for fabricating large arrays. Although the idea of 
welded solar cell interconnects is not new (ref. 1), acceptance of the tech- 
nology remains limited due to a lack of experience in space flight applica- 
tions and the need for a reliable technique for nondestructi vely evaluating 
bond quality. Whereas visual examination is generally sufficient for evalu- 
ating solder joints, welded joints require more sophisticated procedures be- 
cause the bond area is hidden from view. Therefore, welded solar cell inter- 
connect joints can be nondestructively evaluated only by indirect methods. 

The scanning laser acoustic microscope, which combines laser technology with 
ultrasonic technology, appears to be a good choice for this application. The 
instrument is capable of operating at high ultrasonic frequencies with result- 
ant high resolution and, at 100 MHz, can produce a real-time image of an area 
about 2.3 by 3 mm in size at a magnification of 75. 

It has previously been shown (ref. 2) that acoustic images of weldea 
solar cell interconnect joints can be produced with the scanning laser acous- 
tic microscope. However, substantiating evidence relating weld geometry to 
the acoustic information was not presented. It was the purpose of this inves- 
tigation, therefore, to show that a relationship does exist between actual 
weld area and the results obtained with the acoustic microscope. This was 
accomplished by generating acoustic micrographs of welds having various geo- 
metric configurations and using the acoustic images to map out areas to be 
sectioned for metal lographic analysis. Correlations between acoustic results 
and bond area were thus obtained. 
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MATERIALS, APPARATUS, AND PROCEDURE 
Welding 

Two types of electric resistance weld electrodes (fig. 1) were used to 
make the welds that were analyzed in this program. Figure 1(a) shows a pair 
of conventional parallel-gap electrodes made of molybdenum. The tips were 
rectangular in cross section measuring 0.65 by 1.25 mm on a side, with a gap 
of 0.25 mm. Figure 1(b) shows a new annular-gap electrode design, also made 
of molybdenum, which consists of a center electrode surrounoed by an annular 
electrode. (The annular gap design was developed at the Lewis Research Center 
by C. R. Baraona and A. F. Forestieri). The outside diameter of tne annulus 
was 2.0 mm and the inside diameter was 1.5 mm. The gap width was 0.13 mm. 

The interconnect materials were either copper or silver foil, 0.05 mm 
thick. Solar cells were 2 by 4 centimeters and had wraparound contacts. The 
cells were not encapsulated in or attached to a solar array substrate or blan- 
ket material such as Kapton or aluminum honeycomb. The parallel-gap welds were 
made on glass covered cells, 400 um thick, while the annular-gap welds were 
made on uncovered cells, 225 pm thick. The interconnects were welded to both 
positive and negative contact surfaces. Voltage settings ranged from 0.6 to 
1.0 V, applied for 50 to lOO ms. The electrode tips maintained a load of 9 to 
36 N on the tab for the duration of the welding operation. 

Nondestructive Evaluation 

The scanning laser acoustic microscope and its principles of operation 
are described in detail in reference 3. Figure 2 shows a sketch illustrating 
the application of the acoustic microscope for evaluation of solar cell welds. 
The solar cell is placed on the sample stage with the interconnect tab on top. 

A coverslip consisting of a clear plastic material and a film of gold a few 
angstroms thick on one surface is placed on top of the tab. The purpose of 
the coverslip is to provide a reflective surface for the laser beam in instan- 
ces where the surface of the material being evaluated is not sufficiently re- 
flective. The ultrasonic transducer, located at the bottom of a shallow well 
in the top surface of the sample stage, produces continuous waves at a frequen- 
cy of 100 MHz and an incident angle of 10° to the cell surface. The ultrasonic 
waves are transmitted through the water couplant and into the solar cell. 

The energy is further transmitted into the interconnect tab wherever bonding 
exists. The interaction of sound waves at an angle to the top surface of the 
interconnect tab sets up a dynamic ripple which is then transmitted to the 
cover slip by a water coupling medium. A laser beam constantly scans the area 
in raster fashion. The intensity of the reflected laser light is modulated by 
the dynamic ripple and is proportional to the amplitude of sound waves at the 
reflective surface of the coverslip. These variations in light intensity are 
seen by the photodetector as an AC signal which is processed and used to pro- 
duce a real-time TV image in black and white. The brightest regions on the 
screen represent areas of highest ultrasonic amplitude and black regions are 
indicative of little or no ultrasonic transmission. The real-time image covers 
an area 2.3 by 3 mm on a side at a magnification of 75. Acoustic micrographs 
at a magnification of 32 were made by photographing the TV screen using Polar- 
oid film. 
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Metallography 


To determine the ability of the acoustic microscope to provide visual evi- 
dence of the integrity of interconnect-cell bonds, it was necessary to perform 
a destructive analysis on selected welds. This was accomplished oy selecting 
welded joints that produced unique or interesting patterns on the acoustic mi- 
crographs and sectioning the cell to permit a cross sectional view of the bond 
line between the interconnect tab and the solar cell contact. Sectioning was 
done with a dicing saw. The weld specimens thus removed were mounted on edge 
in an epoxy encapsulation that served as a specimen holder. The encapsulated 
specimens could then be ground in specified increments to obtain views of 
planes at predetermined locations within the weld joint. The extent of the 
bond or nonbond in each plane was determined metal lographical ly. Standard 
techniques were used to polish the metal lographic specimens. Since a complete 
microstructural study of the weld joint was not required, photo-micrographs 
were taken of the surfaces in the unetched condition only. Surtaces were con- 
sidered to be bonded when no interfacial features indicative of disbond could 
be detected at a magnification of 750. 

RESULTS AND DISCUSSION 

Results obtained with the scanning laser acoustic microscope and the relat- 
ed metal lographic analyses are presented in figures 3 to 5. Each figure shows 
a photograph of the surface of the interconnect tab after welding, an acoustic 
micrograph of the region of the weld, and a photomicrograph of a crossection 
through the middle of the weld. The ability of tiie acoustic microscope to de- 
scribe the size and shape of the bonded area is discussed. 

Figure 3 shows the results obtained from an analysis of a joint made by 
welding a copper interconnect tab to a silver solar cell contact using the 
parallel-gap resistance welding technique. A partial imprint of the electrode 
pair was embossed in the surface of the relatively soft copper (fig. 3(a)). 

The partial imprint indicates that the electrodes applied nonuniform pressure 
to the tab, probably because of a minor misalinement relative to the solar cell 
surface. A complete imprint would consist of two parallel rectangles which 
resemble footprints. Figure 3(b) is an acoustic micrograph of the weld and 
surrounding area. On first observation it was not clear whether the weld zone 
was represented by the white region of the acoustic micrograph only or by the 
white area plus the smaller gray area immediately to the left. Thus, the ac- 
tual size and shape of the weld had to be accurately determined by other means. 
This was accomplished in two ways. First, it was found that the unbonded part 
of the copper tab could be removed by folding it back over the bonded part and 
carefully tearing it at the perimeter of the weld nugget with tweezers, leaving 
the welded part of the tab in place. The result of this operation is shown in 
figure 3(c). The welded copper material is intact in the center of the pic- 
ture, surrounded by the silver solar cell contact surface. The black residue 
on the contact surface is a material of unknown origin which was present be- 
neath the unbonded part of the tab. Note the partial footprint of the right 
hand electrode which covers almost half of the welded copper tab. It is ob- 
vious that the weld nugget was not centered between the electrodes nor was it 
confined to the region beneath the electrodes. It is also apparent that, al- 
though the electrode footprints provide some information regarding the general 
location, they say little about either the size or the shape of the weld. Fig- 
ures 3(b) and (c) show that the weld is represented only by the white area on 
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the acoustic micrograph, which closely approximates the size and shape of the 
weld nugget. Although not apparent in this series of photographs, it was fur- 
ther observed that the acoustic microscope can also reveal the location of the 
weld relative to a feature such as the edge of the tab, which is visible in 
the top of figure 3(a). 

Additional information about the dimensions of the weld zone as well as 
the nature of the bond was obtained through a metal lographic analysis. Figure 
3(b) shows two dark spots within the white region of the acoustic micrograph, 
indicating the presence of defects which blocked ultrasonic transmission. A 
cross section through the larger of these defects is shown in figure 3(d). 

The photomicrograph reveals a bonded section measuring 0.78 mm long with a 
nonbonded portion in the middle. The nonbond, which corresponds to the dark 
spot on the acoustic micrograph, is 225 pm long and only 4 pm wide. Other 
bondline pores less than 30 pm in diameter are visible in the photomicrograph 
but were not resolved individually in the acoustic micrograph. 

Figure 4 presents the results of an analysis of a joint made by welding a 
silver interconnect tab to a silver solar cell contact using the annular-gap 
electrodes. The electrode imprint on the tab surface is shown in figure 
4(a). The circular feature was made by the annular electrode, and the spot in 
the middle is the result of pressure applied by the center electrode. The 
imprint on the tab is closely approximated in size and shape in the acoustic 
micrograph (fig. 4(b)), indicating that welding occurred beneath a major 
portion of the circumference of the annular electrode and the middle part of 
the center electrode. Supporting evidence is shown in the photomicrograph of 
a crossection through the middle of the weld (fig. 4(c)). Two bonded 
sections, one in the middle of the photomicrograph and one on the right side, 
correspond to white areas of ultrasonic transmission in the acoustic 
micrograph. Little or no bonding is evident on the left side of the 
photomicrograph, which agrees with the information in the acoustic micrograph. 

Figure 5 shows the results obtained from another si 1 ver-si 1 ver weld made 
with annular-gap electrodes. The imprint embossed in the tab surface (fig. 
5(a)) looks similar to the one in figure 4(a). However, the acoustic micro- 
graph (fig. 5(b)) indicates that the weld geometry is quite different from 
that in figure 4. Bonding appears to have taken place primarily under one 
side of the annular-gap electrode, completely spanning the gap. Little bond- 
ing appears to have taken place under the other half. The photomicrograph 
(fig. 5(c)) of the cross section through the middle of the weld confirms the 
information obtained from the acoustic micrograph. With the exception of some 
bondline porosity, the bond between the tab and the metallized contact is 
continuous under the right hand side of the electrodes. On the left, little 
or no bonding exists, again confirming the evidence presented in the acoustic 
micrograph. 


CONCLUDING REMARKS 

The scanning laser acoustic microscope appears to be a viable tool for non- 
destructive evaluation of solar cell interconnect bonds made by welding. 

Metal lographic analyses of selected welds showed that acoustic microscopy can 
accurately determine the size and shape of welded areas in both uncovered 
cells and cells with a protective glass cover adhesively bonded to the front 
surface. Although the glass cover and adhesive increase scatter and decrease 
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resolution, the adverse effects appear to be small, and ihe final result is 
acceptaole for cells in the thickness range evaluated in this investigation. 

In addition to generally describing the size and sfiape of weld areas, the 
acoustic microscope demonstrated a capability for detecting small nonbonaed 
areas of the order of 200 ym diameter within an otherwise continuous weld zone. 
Conversely, it is expected that weldeo areas 200 pm diameter and larger could 
be detected against a background of unwelded material. 

The results of this investigation suggest that application of scanning 
laser acoustic microscopy can be extended from individual solar cells to solar 
cell arrays, providing the cells are not encapsulated or attached to a sub- 
strate or blanket material in such a way as to block the transmission of acous- 
tic energy. Any air gap between the substrate and the cell in the region to 
be nondestructi vely evaluated would preclude evaluation by ultrasonic trans- 
mission. It is therefore recommended that array manufacturers consider the 
requirements for successful nondestructive evaluation in the design stage to 
insure that accommodations for adequate inspection are made. 
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(a) Conventional parallel-gap electrodes. 

(b) Annular-gap electrodes. 

Figure 1. - Resistance weld electrodes used for joining solar cell 
interconnects. 



256 



(a) Partial imprint on tab surface. 

(b) Acoustic raigrograph of weid zone. 

(c) Nugget size revealed by removal of unwelded portion of tab. 

(d) Photomigrograph of cross section A-A through middle of weld zone. 
Figure 3. - Results of destructive and nondestructive analysis of Cu-Ag 
parallel-gap weld. 
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(a) Complete electrode imprint of tab surface. 

(b) Acoustic micrograph on nearly complete weld. 

(c) Photomicrograph of cross section A-A through middle of weld zone. 

Figure 4. - Results of destructive and nondestructive analysis of Ag-Ag annular 
-gap weld zone. 


(a) Complete electrode imprint of tab surface. 

(b) Acoustic micrograph on nearly complete weld. 

(c) Photomicrograph of cross section A-A through middle of weld zone. 

Figure 5 . - Results of destructive and nondestructive analysis of Ag-Ag annular 
-gap weld zone. 
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SILICON RESEARCH AND TECHNOLOGY 


A. Meulenberg 
COMSAT Laboratories 
Clarksburg, Maryland 


The mood of the silicon R&T Workshop was not one of optimism this year in 
contrast to that of the 1980 workshop. The cause(s) of this depression may have 
been: (1) the inability of the silicon community to fulfill the optimism of the last 
meeting which foresaw an 18 percent silicon cell; (2) the present emphasis on in- 
creased^radiation hardening [e.g., 15 percent efficiency end-of-life (EOL) after 
ICrvcm^ 1 MeV electrons] which did not seem feasible; or (3) the pressure from GaAs 
work with its potential for higher BOL and EOL power output. 

In spite of the failure to date to achieve an 18 percent efficient silicon 
solar cell (AMO at 25° C) , there are presently indications that the goal is ap- 
proachable. The best results are open circuit voltages in excess of 690 mV in an 
MINP structure. Other work has pointed to surface recombination velocity (SRV) as 
the limiting factor (in diffused cells) and possible ways of bypassing this problem. 
Evidence that indicates a reduction in the predicted bandgap narrowing (resulting 
from heavy doping) and an increase in the Auger lifetime in heavily doped silicon is 
also encouraging for further improvements in diffused junction silicon solar cells. 

Optimism for success in overcoming the present problems, without immediately 
encountering further problems in an already highly optimized device, was muted. How- 
ever, since major voltage gains were a result of new technology (for the diffused 
silicon group), infusion from other fields might make another major improvement. 
Techniques borrowed from other solid state devices could be keys to a further in- 
crease in silicon solar cell efficiency. Such improvements could complement or sup- 
plement the boost in voltage achieved by the MINP cell which is an outgrowth of MIS 
technology. Such modified or hybrid silicon cells could provide the benefits of 
silicon technology with much higher initial output. Again, enthusiasm for such im- 
provements was dampened by the recognition that perhaps none of these improvements 
would survive a radiation environment. Only after we were reminded that many satel- 
lites do not fly in the radiation belts and others need more power early in a mis- 
sion was the cloud over BOL efficiency improvements lifted somewhat. 

Hybrid structures using GaP, ASi (amorphous silicon) or some other such wide 
bandgap semiconductor on the silicon surfaces could provide a "window" to lower the 
SRV for both the front and the back of a silicon cell. This could overcome the pro- 
blems observed in forming an effective p'*' back contact on 0.1 fi-cm material. The 
use of electrostatic bonding and perhaps ion implantation into the cover glass was 
proposed as a possible way of forming an MINP cell which is less sensitive to ra- 
diation than presently predicted. 

Other areas of potential cell improvement included: (1) Ingot material modifi- 
cation, where the Air Force program for altered doping (Ga vs. B) , ultrahigh purity 
FZ, and cold crucible techniques were mentioned; (2) processing changes, to take 
advantage of surface gettering and to prevent defect generation; (3) counter doping, 
the introduction of internal getters or compensation for radiation damage; and (4) 
use of n-type rather than p-type substrates and/or processing modifications have been 
shown to improve BOL performance. The material modification or counter doping is 
expected to improve EOL performance, but no encouraging data are yet available. 
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Some useful tools in studying SRV of emitter surfaces have been tried or sug- 
gested. Electrostatic charge applied to the AR coating of a completed cell is per- 
haps the simplest means of testing the effectiveness of surface passivation and/or 
n+ (or p+) surface layers. More quantitative methods would include special struc- 
tures which can use C-V techniques on heavily doped surfaces and voltage applied to 
water drops on isolated surface areas. An idea that might have interest as a test 
structure or as a future solar cell would be an FET cell, where the gate would be a 
thin tin oxide conductive layer for application of voltage between the grids. An 
integrated circuit cell could provide self-biasing for this structure which could 
improve radiation hardening over a trapped charge structure. 

A final question addressed the user's preference of a commercially produced 
20 percent GaAs cell vs. a commercially produced 18 percent Si cell, assuming equal 
costs and weight. The most important answer to this question was a sobering declar- 
ation that, despite obvious advantages of the GaAs cells, the most important dif- 
ference would be flight experience and many inferior systems fly and will continue to 
fly until requirements force a change. 

A short congress of the Silicon R&T, the Radiation Damage, and the Blanket 
Technology Workshops was most useful in emphasizing the basic conservatism of pro- 
ject offices in general and their reluctance to change unless forced to do so. Never- 
theless, diversity in cell characteristics was encouraged; particularly if sufficient 
test or flight data become available to allow clear and comfortable choices to be 
made for specific missions. 
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ADVANCED DEVICES 


Peter Bordin 
Varian Associates 
Palo Alto, California 


The working group on Advanced Devices addressed five questions: 

1. Has sufficient progress been made to warrant confidence that the 30 per- 
cent efficiency at lOOx and 80° C goal can be achieved? If so, what are the most 
promising approaches; if not, how should the program be altered? 

2. What approaches seem likely to achieve efficiency beyond 30 percent? What 
barrier problems ought to be attacked? 

3. What cascade cell manufacturing problems do you envision? 

4. What approaches are most likely to succeed for interconnecting a cascade 
cell stack? 

5. How can we overcome the requirement for lattice constant matching in mono- 
lithic cascade cells? Is the direct bandgap requirement too stringent? 

The working group obtained the following responses to these questions: 

1. Has sufficient progress been made toward the 30 percent goal? 

In general, substantial progress has been made and there is no reason to 
change the goal at this time. The metal interconnected cascade cell reported at 
this conference demonstrated considerable improvement in both cell area and effi- 
ciency over the state-of-the-art 1 year ago. Progress is being made in both 
materials and processes required to achieve the goal. 

The question of minimum efficiency was also addressed. For a new technology 
to be accepted, it must show some advantage over the existing technology. Cascade 
cells should exhibit about 3 percentage points of efficiency above that of GaAs to 
justify their consideration as a replacement, with all else being equal. 

As cascade cells become a proven technology, questions about their applica- 
tion need to be addressed. Among these, three emerged as most important: 

(1) Radiation effects need to be considered, especially in series connected 
cascades, where degredation in one cell's short circuit current affects of the 
stack's short circuit current. 

(2) Laboratory evaluation procedures and standards, must be developed. In 
many cases, these cells will require new test procedures. 

(3) To reach the 30 percent goal, we will use concentration. More work is 
needed to evaluate what concentrator designs are most appropriate for high effi- 
ciency cascade cells. Specifically, what concentration and concentrator design 
are appropriate for various potential missions? 

2. What approaches are likely to exceed 30 percent efficiency, and what barrier 
problems must be addressed 

The main barrier problem with existing technology is the photovoltaic effect 
itself, and higher efficiency technologies probably will not be photovoltaic, at 
least as we see it today. We really do not know what these future technologies 
are. Use of surface plasmon effects was one idea reported at this meeting. For 
very high power, in the megawatt range, nuclear might be preferable, assuming 
political and safety problems do not stand in the way. 

This question is very difficult for a group of experts in photovoltaics to 
address. We recommend that future SPRAT conferences invite input from nonphoto- 
voltaic technologies to encourage us to think innovatively. 
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3. What cascade cell manufacturing problems are envisioned 

This question was somewhat difficult to address, because the devices to manu- 
facture have not themselves been defined. Manufacturing engineers are very inno- 
vative and have tackled difficult semiconductor devices in the past (such as 64K 
RAMs), so that concern about manufacturability is not warranted at this time. 

Some discussion centered on epitaxial growth technology. OM-VPE and LPE have 
been used, and both are funded technologies. OM-VPE has been used to make 
the best working device to date and is a versatile and reproducible technique. 

LPE has been used to make large area, multilayer devices in the laser and LED in- 
dustries and is also being used to make good GaAs solar cells. As a general 
statement, if the attractive cascade cell has more than five or six layers, some 
or all of which require close thicknes control, then OM-VPE will be the preferred 
technology. 

4. What approaches seem most likely to succeed for interconnecting a cascade cell 
stack 

Five techniques for making cascade cell stacks were mentioned, two of which 
form series interconnects and three of which leave open the option of either for- 
ming a series interconnect or addressing cells individually. The latter might be 
worth a further consideration if the reduced process yields or lessens radiation 
hardness. The techniques are 

MIC ^ (metal Interconnect) . - This has been used to make the best monolithic 
cascade cells to date. It is also a useful diagnostic tool since it allows ad- 
dressing of individual cells. This feature allows its use in a nonseries- 
connected configuration. Its drawback is added processing. 

Tunnel junction . - This has been demonstrated with LPE growth over small 
areas. Because the cells do not require extra processing after growth, it would 
be attractive, but only if reproducible low resistance, large area tunnel junc- 
tions are feasible. As the 30 percent cell will require three junctions, and tun- 
nel junctions are hard to achieve in high gap materials, it is possible that a 
future cell will be a MlC^-tunnel junction hybrid, with the top interconnect 
MIC^ and the bottom tunnel junction. 

Ge interconnect layer . - Possibly, a thin layer of Ge placed between the two 
cells will provide a good shorting junction. This is especially attractive 
in the GaAs-AlGaAs system, where Ge is lattice matched. 

Mechanically bonded stack . - It is possible to mechanically bond two indivi- 
dual cells together. Such a configuration provides the option for individual ad- 
dressing of cells. This could circumvent various interconnect and materials 
growth problems. 

Spectrum splitting using, for example, dichroic filters . - This eliminates 
the interconnect problems at the price of a more complex mechanical system, and 
the cost of additional components such as the filter. 

All of these approaches are being examined, and it is not possible to recom- 
mend a preferred one at this time. 

5. How can we overcome the requirement for lattice constant matching in mono- 
lithic cascade cells? Is the direct bandgap requirement too stringent? 

The lattice matching requirement has evolved from many years of experience in 
crystal growth. While it is a general rule, there are some exceptions, 
such as Ge on Si and possibly GaAsP on GaAs. Thus, while lattice matching is im- 
portant to bear in mind, processes and cell designs should not be rejected a 
priori because they violate lattice matching requirements. Spectrum splitting and 
mechanically stacked structures do not require lattice matching. 

Indirect gap materials are usable for both the top and bottom cells. Because 
the top cell is grown epitaxially, it must be relatively thin. One way to use an 
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indirect gap material there is to use the spill-through current match 
technique, in which above-gap light passes through to the bottom cell, bearing in 
mind that even indirect materials collect blue light in a relatively short 
length. The bottom cell can use the bulk of the substrate, and can be an indirect 
material as well. 

In summary the group's observations and recommendations were as follows: 

1. Cascade cell development is progressing toward the 30 percent goal. A 
minimum efficiency advantage of 3 percent is required to ensure use in competition 
with the next best existing technology, all else being equal. Radiation effects 
and concentrator designs need to be considered more carefully. Laboratory proce- 
dures and standards must be developed. 

2. We must encourage innovation to identify next generation high efficiency 
technologies. Future SPRAT conferences should include inputs from nonphotovoltaic 
technologies to encourage this innovative thinking. 

3. Manufacturing problems are not envisioned at this time, because the cas- 
cade cell is not well defined. LPE and OM-VPE epitaxial technologies are being 
developed. If the best cell requires a relatively complex epitaxial structure, 
OM-VPE will probably be preferred. 

4. A number of interconnect approaches are possible and are being investi- 
gated. Those that do not require series connection may be useful if the series 
connection significantly reduces process yield or radiation hardness. 

5. Lattice constant matching is not always required. Indirect gap mater- 
ials may be used for both the top and bottom cells. 
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GaAs SOLAR CELLS 


E.3. Conway 

NASA Langley Research Center 
Hampton, Virginia 


The GaAs Solar Cell Workshop considered a range of topics from "high 
efficiency" to "novel ideas." A majority of the 17 participants were inter- 
ested, directly or indirectly, in the first GaAs production cell. This pro- 
duced a lively discussion on the identification and solution of near-term 
problems. 

The major thrusts proposed for GaAs were increased efficiency and im- 
proved radiation damage data. Current laboratory production cells consistently 
achieve 16 percent AMO one-Sun efficiency. The user community wants 18-percent 
-efficient cells as soon as possible, and sucn a goal is thought to be achiev- 
able in 2 years with sufficient research funds. A 20-percent research cell is 
considered the efficiency limit witn current tectinology, and such a cell seems 
realizable in approximately 4 years. Future efficiency improvements await im- 
proved substrates and materials. For still higher efficiencies, concentrator 
cells and multi junction cells are proposed as near-term directions. 

When the efficiency is driven up Dy changes of cell structure, measure- 
ment techniques become more unreliable. The Workshop participants called for 
renewed, low-cost flight calibration of cells. Such a service through Lewis 
Research Center is terminating. Replacement options include another aircraft, 
balloon flights, or the shuttle. (A decision has been made by Lewis since the 
meeting to provide another aircraft for high-altitude calibration of solar 
cells.) 

Radiation damage is the central problem impeding application of GaAs 
solar cells. Data sufficient to define its relatively unknown radiation be- 
havior cannot be achieved only in the laboratory (with reasonable funds and 
time). Space flight data are needed (and may be obtained in planned DoD mis- 
sions). The group recommended initiation of a continuing program to (1) char- 
acterize the practical degradation of production cells in space and in the 
laboratory; (2) understand the degradation in order to improve cell stability; 
and (3) promote interaction between the application community and the research 
community through damage modeling. 

Annealing of radiation damage was considered a separate and more long 
range problem. Cell annealing would require a more complex or specialized 
array, which is well beyond current concepts. However, advanced concepts for 
annealing, such as current annealing and elevated temperature operation within 
a concentrator, were discussed. The application of annealing is expected to 
depend on whether annealing becomes mission enabling. 

Thin cells are those which offer low cost, low weight, and high specific 
power. The long-term advantages of thin cell research to advance cell tech- 
nology were recognized. A multibandgap cell is similar in general concept to 
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several thin cells in optical series. Because heat conauction can be a 
critical problem for concentrator applications, thin cells may have special 
importance for high intensity uses. Also, if thin cells do not require as 
much total growth time (substrate plus active layers) as current GaAs cells, 
then shortened manufacturing time may translate into reduced cost. However, 
near-term application for a thin cell is limited by the mass of radiation 
covers, contact and cable size, and array weight and cost. The Workshop 
participants proposed that current cell technology be developed to the point 
of diminishing returns and that an effective concept for employing tnin cells 
be developed before initiating development of very thin GaAs cells. 

Concentrator cells appear potentially useful. Their oevelopment is pro- 
gressing at a rate that permits practical application of GaAs concentrator 
cells. The applications offer cost reduction and radiation resistance. How- 
ever, concentrators may pose special thermal management problems. 

The price of GaAs cells is expected to decline snaply when an Air Force 
Manufacturing Technology program achieves its production goals. Two factors 
could further reduce tne price of GaAs solar cells: (1) a volume of cells 

reaching 1 MWe/year; and (2) reduced price of substrates, which currently cost 
approximately 330 per square inch. 

Among the new concepts endorsed by this Workshop are back surface fields 
and other built-in fields and materials tailoring for maximum efficiency 
(especially AlxGa^.xAs). 

In summary, the major recommendations are 

1. Achieve 18-percent production cell and a 20-percent research cell (2 to 4 
years). 

2. Begin a continuous radiation damage program involving practical assessment 
of damage, understanding of damage mecnanisms and modeling. 
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RADIATION DAMAGE 


I. Weinberg 

NASA Lewis Research Center 
Cleveland, Ohio 


The radiation damage workshop considered a variety of topics among 
which were the need for equivalent electron fluences in gallium arsenide, the 
possibility of 15 percent end-of-life efficiencies for silicon, increasing 
radiation resistance in gallium arsenide, annealing of radiation damage and 
the need for radiation damage studies in cascade cells. 

The workshop members agreed that a high priority should be assigned 
to obtaining equivalent electron fluences for gallium arsenide cells. It was 
suggested that 1 MeV would be a reasonable electron energy for this purpose. 
Special care should be given to proton irradiations particularly for energies 
below 1 MeV. In addition, omnidirectional rather than normal incidence 
protons should be used. It was also agreed that there was a need for 
obtaining damage coefficients in gallium arsenide. In silicon, there is a 
requirement for additional flight data, especially in proton dominated 
orbits. These data are needed to further check the accuracy of the 1 MeV 
equivalence fluences. 

Attainment of 15 percent end-of-life efficiencies, after 10 years in 
geosynchronous orbit, was judged to be a practical goal for silicon. This is 
conditioned on attainment of BOL efficiencies of 16 to 18 percent. Several 
cell types were suggested as possible candidates, provided the required 
efficiencies could be attained. Configurations suggested were the structure 
proposed by Martin Wolf at the present conference, gallium-doped thin drift 
field cells, gallium-doped vertical junction cells, if used with heavy 
backshielding, and 0.1 fii-cm cells if annealable. Defect concentrations 
should be kept low in the starting silicon. 

Several approaches show promise for attaining increased radiaton 
resistance in gallium arsenide solar cells. The major radiation induced 
defect, located at midgap, is vacancy and stoichiometry related. Processing 
to minimize the concentration of this defect in the starting material and 
irradiated cell would be desirable. Decreased junction depths, especially in 
the present AlGaAs/GaAs heterojunction cells, together with use of better 
quality substrates should lead to increased radiation resistance. Radiation 
damage research using techniques such as DLTS should be correlated with the 
processing and fabrication procedures and used as a guide to further 
improvements. 

Reduction of annealing temperatures below 200“C together with 
decreased annealing times are desirable goals for both silicon and gallium 
arsenide cells. The efficacy of periodic versus continuous annealing was 
considered, and it was concluded that additional data are needed to decide 
between the two techniques. Some concern was expressed concerning possible 
methods to accomplish annealing in space. Although no method was specified, 
several members of the workshop felt that accomplishing this in practice would 
present highly undesirable problems in spacecraft design and operation. 
However, it was pointed out that pulsed current annealing had accomplished 
defect reduction and performance recovery in gallium arsenide cells and that 
this technique, if used, would present a minimum of problems to spacecraft 
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design and operation. At any rate, the question of how to accomplish 
annealing in space deserves further consideration. 

In addition to damage removal, it was suggested that stuoies of 
annealing kinetics could be pursued as a technique to characterize radiation 
defects. This would be especially important for gallium arsenide where defect 
identification is difficult and minimal. Radiation damage and annealing 
studies, in cascade cells, were considered but assigned a low priority. These 
studies, if pursued should at present be used to redirect materials related 
research in the cascade cell area. 

In summary : The need for 1-MeV damage equivalent fluences in gallium 

arsenide was emphasized. End-of-life efficiencies of 15 percent after 10 
years in geosynchronous orbit were considered attainable for silicon, and 
suggestions were offered to attain this goal. Radiation resistance in gallium 
arsenide can be increased by improvements in processing and fabrication, which 
should be correlated with the results of defect studies. Annealing studies 
should continue in both silicon and gallium arsenide. These should have the 
twofold goal of reducing annealing temperatures and aiding in defect charac- 
terization especially in gallium arsenide. Finally, consideration should be 
given to devising a simple method for achieving annealing in space. 
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BLANKET TECHNOLOGY 


John Scott-Monck 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 


The workshop participants felt that the questions presented for their consid- 
eration were too amorphous, with respect to definition of terras, to address quanti- 
tatively. There was general agreement that the subject of "welding" or "joining" 
was a significant issue. It was concluded that systems requirements would force a 
reassessment of the conventional approach to interconnecting cells into blanket or 
array modules. Defense applications (hardening) were Identified as the key require- 
ment that would force a movement away from the standard method (solder) of forming 
array circuits. The panel also agreed that requirements associated with the im- 
pending NASA Space Station and in-bound missions would lead to alternative inter- 
connecting approaches. It was concluded that the diverse requirements of future 
space missions (high temperature and extended thermal cycling) might not be met by 
one approach, such as parallel-gap resistance welding. The panel suggested that 
other options such as high temperature solders and brazing be considered for the 
various mission requirements that were anticipated. 

The panel agreed that blanket technology was potentially suitable for in-orbit 
annealing to temperatures of 200 °C provided that conventional soldered connecting 
techniques were replaced by "welding". Some concern was expressed about the ability 
of adhesives to retain their optical properties after this type of thermal excur- 
sion. The members stated that annealing would require new types of qualification 
testing since most thermal cycling failures occurred at elevated temperatures. 

Approaches to providing 200°C in-orbit do exist. However, the panel strongly 
recommended that trade-offs must be performed between the added weight, cost and 
risk associated with blanket annealing and the end-of-life (EOL) advantages gained. 
The consensus was that the method of providing the required temperature must be 
simple (low risk) or annealing will not be considered by mission planners. The 
panel stated that the annealing conditions (continuous versus periodic) must be 
more adequately defined before a complete answer to the subject of annealing could 
be provided. 

The issue of GaAs blanket technology was addressed by the panel. It was 
agreed that the results of the WPAFB sponsored GaAs Solar Cell Manufacturing Tech- 
nology (MANTECH) program, aimed at demonstrating production capability, would be 
the determining factor in deciding whether to pursue GaAs blanket development. The 
need for reliable, pertinent information on the behavior of GaAs solar cells under 
simulated space operating conditions was deemed critical in order to provide plan- 
ners with sufficient data to determine the merits of employing GaAs blankets and 
arrays for future missions. Until significant quantities of well characterized 
GaAs solar cells are available, no serious attempt to initiate development of GaAs 
blanket technology will likely occur. 
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The question of future progress in the development of high performance blan- 
kets and arrays prompted a lively discussion focused on what properties constitute 
"high performance" and what was the present status of blanket and array performance 
with respect to specific power (W/kg). This discussion led to the conclusion that 
mission system's level requirements usually forced the utilization of technically 
"compromised" or "detuned" blankets and arrays, with less than optimum specific 
power, for mission applications. 

The panel suggested that the Space Telescope array which is 20 W/kg beginning- 
of-life (BOL) is most representative of current state-of-the-art array technology. 
It should be noted that the Space Telescope blanket specific power is approximately 
half of what is forecasted for the "SEP" blanket (.-55 vs 105 W/kg). It was con- 
cluded that blanket components, and their associated mass contributions, can vary 
dramatically depending on the design approach provided to satisfy system require- 
ments . 

To further illustrate this conclusion, it was observed that many future mission 
requirements, especially those Involving defense and manned applications, will de- 
mand that arrays and blankets be designed for "toughness” and survivability, con- 
ditions which will lead to a reduction in specific power. It was suggested that 
the technologists need to consider such "realistic” mission requirements in their 
approaches to achieving "high performance" blankets and arrays. 

Having established the fact that beginning and end-of-life specific power 
were not easy subjects to define, the members addressed the question of future 
advancements in this area, providing both assessments and goals. It was the gen- 
eral opinion that further progress would be evolutionary (conservative) in order 
to satisfy mission reliability concerns. Thus it was anticipated that the next 
step in blanket progress would incorporate 100 yra silicon solar cells and covers 
to replace the current assemblies (200 ym cells, 150 ym covers). It was also 
agreed that flexible substrates could probably be reduced to ~ 75 yra thickness. 

The group anticipated that by 1990, blankets with a specific power of ap- 
proximately 100 w/kg would be used for space missions, and during the 1990s this 
figure would probably increase to 150 W/kg, depending on mission requirements. It 
was pointed out that the shortfall in Shuttle launch capability could very likely 
demand blankets with even higher BOL specific power. It was therefore suggested 
that blanket goals expressed in terms of kg/m^ and W/kg be established. These 
goals (see Table 1) are much higher than what the group projected for space flight 
use. This was done because of the realization that system's requirements inevi- 
tably lead to a reduction in specific power. There was consensus that no realistic 
forecast of array specific power, either BOL or EOL, could be made without informa- 
tion on the spacecraft and its associated mission requirements. 

A special joint session was held with the Silicon Research and Technology 
workshop group. This meeting was extremely productive since it exposed the re- 
searchers to the complex decision making process that must be performed by the 
blanket technologists, and made the technologists aware of the frustrations as- 
sociated with developing advancements that do not gain acceptance for flight use. 
A discussion followed on the subject of what factors determine mission acceptance 
of new technology. It should be mentioned at this point that the blanket workshop 
members feel strongly that this type of interaction between researchers and tech- 
nologists is extremely beneficial and recommended that this type of combined work- 
shop become a feature of any subsequent SPRAT Conference, since this is the only 
meeting where the entire spectrum of photovoltaic technology is represented. 
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Suggestions were made on how to increase the chances that research Innovations 
will find acceptance for space flight use. It was agreed that a key interface be- 
tween the two disciplines was the device manufacturers who must demonstrate that 
research derived advancements can meet the requirements of a given subsystem mis- 
sion requirement. Researchers must be aware that the information needed to deter- 
mine flight acceptance covers a wide area that goes beyond the more obvious figures 
of merit such as efficiency and resistance to the space radiation environment. 

A schematic Illustrating the relationship between mission requirements, tech- 
nology selection and the ongoing effort in developing advanced photovoltaic tech- 
nology is presented in Figure 1. The mission generates a series of performance re- 
quirements based on the expected environment and an estimate of technology readi- 
ness. As these requirements filter down to the array subsystem, the element of 
risk becomes a dominant factor and the constraints placed on the array increase due 
to the requirements of each major system for subsystem support. This results in 
technology compromises. 

Assessment of risk is largely determined by the existing data base that is 
available for any blanket or array component being considered for use. This ap- 
proach often precludes "better" components from being implemented, since the trade- 
off between risk and a less than optimum subsystem usually results in the selection 
of an engineering compromise that accomodates the component which has the larger 
supporting base of statistically significant performance data. Therefore every 
effort must be made to assure that advanced technology is tested thoroughly and 
transferred to the device manufacturers in a timely fashion. 

It should be pointed out that although NASA and DOD provide most of the sup- 
port for space photovoltaic research, not enough attention is devoted to assuring 
that a proper transfer of this technology is made to the manufacturers. This 
topic might make a very interesting subject .for future SPRAT Conference workshops 
to address. 
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Table 1 


Goals for Blanket Technology 


1 Year 

1 

1 Mass Per Unit Area 

1 

1 1 

1 Specific Power (BOL)* | 

1 1 

1 

1 1982 

1 

1 1.05 kg/m2 

1 

1 1 

1 105 W/kg 1 

1 1 

1 1985 

1 

1 0.65 kg/m2 

1 

1 170 W/kg 1 

1 1 

1 1995 

1 

1 

1 0.50 kg/m2 

1 

1 1 

1 280 W/kg 1 

1 1 
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Figure 1. Technology Relationships for Mission Applications 
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